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NOMENCLATURE 

A 

Bi 

C 

c 

CHF 

D 

E 

G 

g 

gc 

h„ 

hfg 

k 

I 

m 

N 

n 

Nu 

Pr 

Qtotal 

Q " 

r 

Re 

Blot number, h<,s/k 

a rb i t r a ry constant 

specific heat 

cr i t ical heat flux 

diameter 

ff= 

dimensionless 

dinaensionless 

Btu/lbm-°F 

Btu/hr-ft^ 

ft 

quality dimensionle 

direction normal to surface ft 

t ime rate of change of energy Btu/hr 

mass flux (G = pu) 

gravitational accelerat ion 

conversion factor 

local heat - t ransfer 
coefficient 

average heat - t ransfer 
coefficient 

latent heat of vaporization 

thermal conductivity 

length 

mass flow rate 

number of data points 

constant 

Nusselt number h^ 6/k 

Prandt l number cn/k 

Ibjn/hr-ft^ 

32.2 ft/sec^ 

32.2 Ibjn-ft/sec^-lbf 

Btu/hr-ft^-°F 

axial direction 

thermal diffusivity 

coefficient of thermal 
expansion 

dimensionless coefficient 

mass flow rate per unit 
wetted per iphery 

liquid-film thickness 

tube or cladding thickness 

ft 

ft^/hr 

[Eq. 33] 

I b ^ / h r - f t 

ft 

ft 

Btu/hr-ft^-°F 

Btu/lbm 

Btu/hr-ft-°F 

ft 

Ibm/hr 

Q 

Tl 

fi 

P 

a 

T 

dimensionless axial distanc 

dimensionless radial 
distance 

viscosity 

density 

surface tension 

dimensionless tempera ture 

dimensionless 

dimensionless 

total hea t - removal rate of a Btu/hr 
sputtering front 

AT liq 

"liq 

defined in Eq. G.2 

defined in Eq. G.3 

correlat ion coefficient 

Reynolds number 4pu6/)i 

excess tempera ture 
(Tsur " '^sat) 

initial tube tempera ture 

liquid tempera ture change 

velocity 

average liquid velocity 

dimensionless 

dimensionless 

dimensionless 

"F 

"F 

»F 

ft/hr 

ft/hr 

I b ^ / h r - f t 

IbmAt 

dynes/cm 

dimensionless surface 
tempera ture 

dimensionless sputtering 
tempera ture 

9 

Subi 

b 

bi 

con 

eff 

e s t 

fc 

i 

heat flux 

scripts 

boiling 

incipient boiling 

condensation 

effective 

est imated 

forced convection 

interface 

incip incipient 

liq liquid 

mea measu red 

out outer 

pb pool boiling 

rod rod 

sat saturat ion 

sf surface fluid 

sput sputtering 

sub subcooling 

sur surface 

t tube 





AN E X P E R I M E N T A L AND A N A L Y T I C A L STUDY 
O F THE S P U T T E R I N G P H E N O M E N A 

by 

P a u l A. H o w a r d 

ABSTRACT 

One f o r m of the s p u t t e r i n g p h e n o m e n a , the h e a t - t r a n s f e r 
I p r o c e s s t ha t o c c u r s when an i n i t i a l l y hot v e r t i c a l s u r f a c e i s 
I coo led by a fa l l ing l iquid f i lm, w a s e x a m i n e d f r o m a new e x p e r i -
i m e n t a l a p p r o a c h . The s p u t t e r i n g f ron t i s the l o w e s t w e t t e d p o -
I s i t ion on the v e r t i c a l s u r f a c e and i s c h a r a c t e r i z e d by a s h o r t 
I r e g i o n of i n t e n s e n u c l e a t e boi l ing . The s p u t t e r i n g f ron t p r o -
I g r e s s e s d o w n w a r d at n e a r l y a c o n s t a n t r a t e , the s u r f a c e be low 
I the s p u t t e r i n g f ron t be ing d r y and a l m o s t a d i a b a t i c . Th i s h e a t -
I t r a n s f e r p r o c e s s i s of i n t e r e s t in the a n a l y s i s of s o m e of the 
I p e r f o r m a n c e a s p e c t s of e m e r g e n c y c o r e - c o o l i n g s y s t e m s of 

l i g h t - w a t e r r e a c t o r s . 

I 
I An e x p e r i m e n t a l a p p a r a t u s w a s c o n s t r u c t e d to e x a m i n e 
I the h e a t - t r a n s f e r c h a r a c t e r i s t i c s of a s p u t t e r i n g f ront . In the 
I p r e s e n t s tudy, a h e a t s o u r c e of suff ic ient i n t e n s i t y w a s l o c a t e d 
I i m m e d i a t e l y be low the s p u t t e r i n g f ront , which p r e v e n t e d i t s 
f d o w n w a r d p r o g r e s s , thus p e r m i t t i n g de t a i l ed m e a s u r e m e n t s of 

s t e a d y - s t a t e s u r f a c e t e m p e r a t u r e s t h roughou t a s p u t t e r i n g f ront . 
I E x p e r i m e n t a l e v i d e n c e showed the s p u t t e r i n g f ron t to c o r r e s p o n d 
I to a c r i t i c a l h e a t - f l u x (CHF) p h e n o m e n o n . Da ta w e r e ob ta ined 
I wi th w a t e r flow r a t e s of 350- 1600 I b j ^ h r - f t and subcoo l ings of 

4 0 - 1 4 0 ° F on a 3 / 8 - i n . so l id c o p p e r r o d at 1 a t m . 

} A t w o - d i m e n s i o n a l a n a l y t i c a l m o d e l w a s deve loped to 
• d e s c r i b e a s t a t i o n a r y s p u t t e r i n g f ron t w h e r e the w e t - d r y i n t e r ­

face c o r r e s p o n d s to a C H F p h e n o m e n a and the d r y zone i s a d i ­
a b a t i c . T h i s m o d e l i s n o n l i n e a r b e c a u s e of the t e m p e r a t u r e 

f d e p e n d e n c e of the h e a t - t r a n s f e r coef f ic ien t in the w e t t e d r e g i o n 
and h a s y i e lded good a g r e e m e n t wi th da t a . A s imp l i f i ed o n e -
d i m e n s i o n a l a p p r o x i m a t i o n w a s deve loped which a d e q u a t e l y 

f d e s c r i b e s t h e s e da t a . F i n a l l y , by m e a n s of a c o o r d i n a t e t r a n s -
( f o r m a t i o n and add i t i ona l s impl i fy ing a s s u m p t i o n s , t h i s a n a l y s i s 

w a s ex t ended to a n a l y z e m o v i n g s p u t t e r i n g f r o n t s , and r e a s o n ­
ab ly good a g r e e m e n t wi th r e p o r t e d da t a w a s shown. 
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I. INTRODUCTION 

A r a d i o a c t i v e r e l e a s e following a n u c l e a r a c c i d e n t d u r i n g the n o r m a l 
o p e r a t i o n of a Light W a t e r R e a c t o r (LWR) can only happen when the e n e r g y 
p r o d u c t i o n e x c e e d s the e n e r g y - r e m o v a l r a t e , for which t h e r e a r e only two 
p o s s i b i l i t i e s : an e x c u r s i o n (a n u c l e a r p o w e r t r a n s i e n t ) o r a L o s s - o f - c o o l a n t 

c c i d e n t (LOCA).' '5 Since the s u c c e s s f u l o p e r a t i o n of the E m e r g e n c y C o r e 
Cool ing S y s t e m (EGGS) a f te r a LOCA would p r e v e n t any r a d i o a c t i v e r e l e a s e . 
It IS the a d e q u a c y of t h e s e s y s t e m s upon which m u c h of the c o n t r o v e r s y i s 
focused . The p h e n o m e n a of s p u t t e r i n g , a h e a t - t r a n s f e r p r o c e s s which h a s not 
ye t b e e n fully ident i f ied , wil l o c c u r du r ing the o p e r a t i o n of the ECCS. ' ^ ' " " 
E l a b o r a t e quan t i t a t i ve s tud i e s have been conduc ted du r ing the o p e r a t i o n of 
s i m u l a t e d E C r S ' q 10,20,21,29,57,80,81 u ^ u ^ .^ r- J, 1.^.1, 

.axctLcu iL.\^^::, s, but b e c a u s e of the confined g e o m e t r y the 
n a t u r e of the s p u t t e r i n g p r o c e s s h a s not yet been u n d e r s t o o d . In t h i s f i r s t 
c h a p t e r , the h e a t - t r a n s f e r c h a r a c t e r i s t i c s of s p u t t e r i n g wi l l be r e l a t e d to o t h e r 
bo i l ing p r o c e s s e s . Then the h y d r a u l i c a s p e c t s of s p u t t e r i n g wil l be r e l a t e d to 
t h r e e o t h e r p r o c e s s e s of d r y - p a t c h f o r m a t i o n . With the p e r s p e c t i v e of t h i s 
b a c k g r o u n d i n f o r m a t i o n , th i s c h a p t e r wi l l be conc luded with the p u r p o s e and 
a p p r o a c h of th i s s tudy. 

The p h e n o m e n o n of s p u t t e r i n g o c c u r s when a fal l ing l iquid f i lm i s u s e d 
to cool a s u r f a c e which i s in i t i a l ly m u c h h o t t e r than the s a t u r a t i o n t e m p e r a t u r e 
of the l iquid. F i g u r e 1 i l l u s t r a t e s th i s p r o c e s s on a v e r t i c a l t ube . The i n t e n s e 
bo i l ing which t a k e s p l a c e at the s p u t t e r i n g f ron t l ifts the w a t e r f i lm f r o m the 

s u r f a c e . Once the cool ing w a t e r f i lm 

Pi 
TEMPERATURE 

' l iq 

1 -^ 

u 

h a s been pushed f r o m the s u r f a c e , it 
does not r e t u r n b e c a u s e the only fo rce 
ac t ing on it is g r a v i t y . In a v e r t i c a l 
o r i e n t a t i o n , the s p u t t e r i n g - f r o n t v e ­
loc i ty is l e s s by an o r d e r of m a g n i t u d e 
than the a v e r a g e l iquid v e l o c i t y in the 
fa l l ing f i lm above the f ront . F a l l i n g 
l i q u i d - f i l m v e l o c i t i e s r a n g e f r o m 
3000 to 15,000 f t / h r (1000-5000 m / h r ) , 
w h e r e a s s p u t t e r i n g - f r o n t v e l o c i t i e s 
have been r e p o r t e d f r o m 30 to 3000 ft Air 
(10- 1000 m / h r ) . The ve loc i ty at which 
a f ron t p r o g r e s s e s d o w n w a r d h a s b e e n 
shown e x p e r i m e n t a l l y to be p r o p o r ­
t iona l to the w a t e r subcool ing and in­
v e r s e l y p r o p o r t i o n a l to the i n i t i a l 
t e m p e r a t u r e of the s u r f a c e . ^ ' H o w e v e r 
conf l ic t ing da ta on the effect of c o o l a n t 
flow r a t e h a s been reported.^ ' '^° 

Fig. 1. Illustration of a Moving Sputtering Front 
and Associated Temperature Profiles. 
ANL Neg. No. 900-75-861. 

C o n s i d e r a s p u t t e r i n g f ront 
mov ing down a v e r t i c a l tube a s shown 
in F i g . 1. A s s u m e the tube w a s i n i t i a l l y 
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i so the rmal and that the water t empe ra tu r e and flow ra te a r e constant during 
the rewett ing. To t r ans fo rm this unsteady hea t - t r ans fe r problem to one of 
steady state , let the coordinate sys tem move with the sputtering front. The 
tube t empera tu re near the sputter ing front is shown qualitatively in Fig. 1, 
where the origin is at the sputtering front and the positive z direct ion is 
down. Let the sputter ing front be defined as the lowest wetted position on 
the surface, and let the sputter ing t empera tu re be the surface t empera tu re 
at this we t -d ry interface. Above the sputtering front energy is t r ans fe r r ed to 
the liquid by convection as the tube t empera tu re dec r ea se s from Tgp^^ to 
Tliq. In the coordinate sys tem moving with the sputtering front, this same 
energy can be viewed as the sum of two components: 

1. The the rma l energy removed in cooling the tube from Tgp^^ to 
Tliq-

2. The the rma l energy conducted upward in the rod by the t empera tu re 
gradient immediate ly below the front in the dry zone. 

Any cooling of the rod below the sputtering front is by radiation or convection 
to the surroundings . In some prac t ica l c a se s , this heat flux can be significant. 
However, much can be learned from experi inents and analysis where this heat 
flux is smal l and can be neglected: 

\ hc"I^t(Tt - Tsurroundings)dz '^ 0. (l) 
' 0 

Since the net effect of rewetting is the cooling of the tube from T^ to Tĵ ĵ q, a 
simple energy balance can re la te the rewetting velocity to the total heat-
removal capacity of the rewetting liquid: 

^ to t a l 
^«P^t = p,ctnDtc(T^ - Tliq)' 

where Q total is the heat flux integrated over the wetted surface: 

(2) 

Qtotal = r hcTTDt(Tt - Tiiq)dz. (3) 

This is also equal to the r a t e s of energy inc rease of the water and s team r e ­
leased from the falling liquid f i lm:" 

Qtotal - 1^(1 - x)ciiq^Tiiq + riix(h£g + c i iqATg^^. (4) 

Since sputter ing is a boiling hea t - t r ans fe r p r o c e s s , let us consider a 
typical pool-boiling curve (see upper half of Fig, 2) and re la te sputtering to 
other boiling phenomena. Pool boiling is a p r o c e s s where a heated surface is 
totally submerged in a stagnant body of liquid. If the liquid t empera tu re is l e s s 
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than the s a t u r a t i o n t e m p e r a t u r e , 
the p r o c e s s is subcoo led pool 
boi l ing , whi le if the t e m p e r a t u r e 
is equa l to the s a t u r a t i o n t e m p e r a ­
t u r e , the p r o c e s s is s a t u r a t e d pool 
boi l ing. When the h e a t e d s u r f a c e 
t e m p e r a t u r e i s s l i gh t ly h i g h e r than 
the l iquid t e m p e r a t u r e , t h e r m a l 
e n e r g y i s t r a n s f e r r e d to the l iquid 
at a r a t e which is p r o p o r t i o n a l to 
the t e n n p e r a t u r e d i f f e r e n c e . In­
c r e a s i n g the s u r f a c e t e m p e r a t u r e 
wil l e v e n t u a l l y c a u s e b u b b l e s to 
n u c l e a t e at the s u r f a c e ; t h i s i s 
known a s i n c i p i e n t bo i l ing . Heat 
t r a n s f e r is e n h a n c e d by the m o v e ­
m e n t of t h e s e b u b b l e s a t the s u r ­
face and the h e a t flux beg ins to 
i n c r e a s e s h a r p l y . I n c r e a s i n g the 
s u r f a c e t e m p e r a t u r e i n c r e a s e s 
the r a t e of bubble nuc l ea t i on and 
the n u m b e r of n u c l e a t i o n s i t e s . 
The f i r s t c r i t i c a l point on the 
boi l ing c u r v e is r e a c h e d at point A, 
which i s d e s c r i b e d by m a n y n a m e s 
a l l of which have a s l igh t ly differ­
ent m e a n i n g . " The t e r m s C r i t i c a l 

H e a t F l u x (CHF) o r D e p a r t u r e f r o m N u c l e a t e Boi l ing (DNB) wi l l be u s e d h e r e . 
If the h e a t e d s u r f a c e i s h e a t - f l u x c o n t r o l l e d , such as a e l e c t r i c a l l y h e a t e d rod 
o r r e a c t o r fuel r od , and if the flux w e r e i n c r e a s e d to a va lue above the C H F , 
the t e m p e r a t u r e would qu ick ly r i s e to the poin t B which m i g h t be above the 
m e l t i n g point . Th i s i s the r e a s o n why point A i s s o m e t i m e s c a l l e d the b u r n ­
out po in t . A h e a t flux g r e a t e r than th i s m i g h t r e s u l t in the m e l t i n g o r "burnout" 
of the h e a t e r . 

500 

euess " su r f ace ' so lu ro l i on ' 

Fig. 2. Normal Pool-boiling Curve and the Leidenfrost 
Phenomena. ANL Neg. No. 900-75-862. 

If t h e s u r f a c e w e r e t e m p e r a t u r e - c o n t r o l l e d , s u c h a s a s u r f a c e h e a t e d 
b y a n o t h e r l i q u i d , t h e h e a t f lux w o u l d f o l l o w t h e p a t h f r o m p o i n t A t o p o i n t C. 
In t h e r e g i o n A t o C , w h i c h i s k n o w n a s t r a n s i t i o n b o i l i n g , t h e f r a c t i o n of t h e 
s u r f a c e w h i c h i s w e t t e d b y t h e l i q u i d d e c r e a s e s , t h u s d e c r e a s i n g t h e a v e r a g e 
h e a t - t r a n s f e r c o e f f i c i e n t a n d t h e h e a t f l ux . A t p o i n t C, t h e m i n i m u m s u r f a c e 
t e m p e r a t u r e fo r s t a b l e f i l m b o i l i n g , t h e s u r f a c e i s n o t w e t t e d b y t h e l i q u i d 
H e a t i s t r a n s f e r r e d b y c o n d u c t i o n a n d r a d i a t i o n t h r o u g h t h e v a p o r b l a n k e t b e -
t w e e n t h e l i q u i d a n d t h e s u r f a c e . P o i n t C i s s o m e t i m e s c o n f u s e d w i t h t h e 
L e i d e n f r o s t t e m p e r a t u r e , w h i c h a p p l i e s to i n d i v i d u a l d r o p s of l i q u i d o n a h e a t e d 
s u r f a c e . D u r i n g s t a b l e f i l m b o i l i n g on a h e a t - f l u x - c o n t r o l l e d s u r f a c e , if t h e 
h e a t f l ux w e r e r e d u c e d to a v a l u e s l i g h t l y l e s s t h a n t h e a m o u n t a t p o i n t C t h 
s u r f a c e t e m p e r a t u r e w o u l d q u i c k l y c h a n g e to t h e v a l u e a t p o i n t D a n d t h e f i l m -
b o i l i n g r e g i m e w o u l d c h a n g e to n u c l e a t e b o i l i n g . 



The lower half of Fig. 2 shows how the Leidenfrost t empera tu re is 
defined for spher ica l drops, of liquid on a horizontal heated surface.^ It is 
the min imum t empera tu re needed to prevent the wetting of the heated surface 
by the liquid. Vapor produced at the bottom of the drop forms a thin vapor 
blanket beneath the drop, thus supporting it. For carefully controlled condi­
tions, the min imum surface t empe ra tu r e has been found to be slightly above 
the saturat ion t empera tu re . For l a r g e r amounts of liquid covering a heated 
surface (film boiling of puddles), the minimum surface t empera tu re has been 
found to be a function of the the rma l p roper t i e s of the heated surface and 
liquid. In this situation, the re is in termi t tent wetting and, hence, the forma­
tion of shor t - l ived cold spots. If the surface cannot recover from the wetting 
before it is contacted again by the liquid, the cold spot will grow; eventually 
the heated surface will cool and become ent i rely wetted. As a consequence of 
these hydraulic differences, the minimum tempera tu re for stable film boiling 
is different for these different si tuations. For water at a tmospher ic p r e s s u r e , 
the minimum t empera tu re for stable film boiling of a pool is about 160°F 
greater than saturat ion and can be considerably higher if the heated surface 
is a poor t he rma l conductor. This cont ras t s to the Leidenfrost t empe ra tu re , 
which has a lower l imit of the saturat ion t empera tu re . 

For a confined geometry, the sputtering p rocess has been considered 
to be the opposite of the dryout process .^ In dryout, the wetted surface a r e a 
is reduced instead of inc reased as in sputtering. The t rans i t ion region is 
included in the dryout p r o c e s s ; if the two p roces se s were t ruly opposite, the 
same boiling phenomena would occur in the sputtering zone. In order to de te r ­
mine the actual physical p r o c e s s e s at the sputtering front, the sput ter ing-front 
t empera ture mus t be known. P r e s e n t es t imates of the sputtering t empera tu re 
cover the range from the CHF t empera tu re to the stable film-boiling t empera ­
ture. Analytical models of the sput ter ing-front velocity predic t that the front 
moves downward as fast as the surface t empera tu re is reduced to a low enough 
t empera tu re to allow rewetting. The surface t empera tu re ahead of the sput­
tering front is reduced by axial conduction from the dry region to the wetted 
region. Therefore , an accura te predict ion of the rewetting velocity r equ i re s 
that the heat flux in the wetted zone be known. 

Sputtering can be cha rac te r i zed as the disruption of a falling liquid 
film by intense boiling at the leading edge. There a re other p roce s se s where ­
by a falling liquid film can be disrupted by a combination of geometry and /or 
heat t ransfer . Consider the following p r o c e s s e s , shown schematical ly in 
Fig. 3. P r o g r e s s i v e evaporation is the complete evaporation of a falling liquid 
film as a r esu l t of heat t r ans fe r from the tube to the liquid. This typically 
occurs when the water is near ly sa turated, the flow ra te is low, and the heat 
flux from the tube is low. Another mode of film breakdown is dry-pa tch for­
mation, which occurs when a highly subcooled liquid film at a low flow ra te 
flows down a heated tube. If a hot spot in the heated surface should develop, 
for example from an i r r egu la r i ty in the heated tube, the water t empera tu re 
flowing over that hot spot v/ould i nc rea se . At a point d iamet r ica l ly opposite it, 
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the w a t e r would be c o o l e r ; b e c a u s e s u r f a c e t ens ion i s h i g h e r for c o l d e r w a t e r , 
the s u r f a c e t e n s i o n in the cold r eg ion would pull the w a t e r away f r o m the ho t 
spot . T h i s skewing of the w a t e r flow away f rom the hot spo t would e v e n t u a l l y 

c a u s e the hot spot to d r y up. The 
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SPUTTERING 

t h i r d m o d e of filnn b r e a k d o w n , 
a l r e a d y d e s c r i b e d , is s p u t t e r i n g . 
The las t m o d e i s f looding, which 
can o c c u r only in a conf ined 
g e o m e t r y . In th i s c o u n t e r c u r r e n t 
flow s y s t e m , the fa l l ing l iquid 
f i lm i s s t r i p p e d f r o m the wa l l s 
by the h i g h - v e l o c i t y {<^ 100,000ft / 
h r o r 30,000 m / h r ) u p w a r d -
moving v a p o r . Th i s i s a ex ­
t r e m e l y difficult s i t ua t i on to 
a n a l y z e if the v a p o r w e r e p r o ­
duced by e v a p o r a t i o n of the 
fal l ing l iquid f i lm. An osc i l l a t ing 
b e h a v i o r would r e s u l t b e c a u s e 
the flooding would i n t e r r u p t the 
fa l l ing l iquid f i lm; h e n c e vapor 
p r o d u c t i o n would c e a s e , which, 
in t u r n , would s top the flooding, 
and so on. The v a p o r ve loc i ty 
r e q u i r e d to s t r i p the l iquid f rom 
the wa l l s is known as the flooding 
ve loc i t y and d e c r e a s e s with in­
c r e a s i n g l i q u i d - f i l m th ickness .^^ 

FLOODING 

Fig. 3. Modes of Film Breakdown. ANL 
Neg. No. 900-75-863. 

S p u t t e r i n g w i l l b e i n v e s ­
t i g a t e d h e r e in a n i i n c o n f i n e d 
g e o m e t r y . S u c h a n a p p r o a c h 
g r e a t l y e a s e s t h e e x p e r i m e n t a l 
b u r d e n , a n d e n a b l e s d e t a i l e d 
m e a s u r e m e n t s of t h e s u r f a c e 
a n d f lu id t e m p e r a t u r e s n e a r t h e 
s p u t t e r i n g f r o n t . E x p e r i m e n t a l 

e v i d e n c e t h a t t h e s p u t t e r i n g - f r o n t t e m p e r a t u r e c o r r e s p o n d s t o a C H F p h e n o m ­
e n a w i l l b e p r e s e n t e d . T h e d a t a w e r e o b t a i n e d by a s e r i e s of u n i q u e e x p e r i ­
m e n t s i n w h i c h a s p u t t e r i n g f r o n t w a s h e l d a t a f i x e d l o c a t i o n . ( A p p e n d i x A 
s h o w s h o w t h e s e s t a t i o n a r y - s p u t t e r i n g - f r o n t d a t a c a n b e r e l a t e d t o m o v i n g -
s p u t t e r i n g - f r o n t d a t a . ) E x p e r i m e n t a l s u r f a c e - t e m p e r a t u r e p r o f i l e s t l i r o u g h 
s p u t t e r i n g f r o n t s f o r v a r i o u s f low c o n d i t i o n s w i l l b e m o d e l e d w i t h a n a l y s i s 
d e v e l o p e d h e r e . An e n g i n e e r i n g a p p r o a c h to t h i s p r o b l e m w i l l b e t a k e n ; v a r i o u s 
h e a t - t r a n s f e r c o r r e l a t i o n s f r o m t h e l i t e r a t u r e w i l l b e c o n s i d e r e d a n d t h e m o s t 
a p p l i c a b l e u s e d in t h e m o d e l i n g . F i n a l l y , b y m e a n s of a s u i t a b l e c o o r d i n a t e 
t r a n s f o r m a t i o n , t h i s m o d e l w i l l b e e x t e n d e d to d e s c r i b e r e p o r t e d m o v i n g -
s p u t t e r i n g - f r o n t d a t a . 
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II. LITERATURE 

Sputtering is not a phenomenon that is associa ted exclusively with the 
cooling of r eac to r fuel rods after an LOCA. Continuous cast ing, quenching, and 
water cur ta ins also involve sputtering. Therefore , the l i t e ra tu re contains 
re ferences to sputtering (but under the name of quenching) long before the ad­
vent of ECCSs. However, the data a r e of a gross qualitative nature and a r e 
not concerned with quenching itself, but with the resu l t s of quenching. F r o m 
a meta l lu rg ica l point of view, the p roper ty changes within the quenched meta l 
were of more importance than the sputtering that brought these new proper t i e s 
about. In compar ison, re fe rences to sputtering by the nuclear industry a r e 
concerned with the hea t - t r ans fe r p roces s at the sputtering front, where the re 
is much ongoing work. I t i s for this reason that the l i t e ra tu re cited he re is from 
the la t ter source (up to 1974). Emphas is is placed on the identification of the 
sputtering phenomenon by previous invest igators . It will be shown that a wide 
range of sput ter ing-front t e m p e r a t u r e s have been repor ted; hence, the heat-
t ransfer mechan ism (the location of sputtering on the boiling map. Fig. 2) at 
the sputtering front has yet to be determined. 

In 1964, Shires conducted exper imenta l sputtering tes t s on heated ver ­
tical surfaces . Water was used to cool an initially hot, Inconel tube at a tmo­
spheric p r e s s u r e in both confined and unconfined geomet r ies . Shires measu red 
rewetting veloci t ies from 112 to 1700 f t /hr (40-600 m/h) for water flow ra t e s 
up to 3000 Ibm/hi'-ft (4470 k g / h r - m ) . Data were recorded for single-pin and 
seven-pin heated assembl ies for initial t empera tu re s of 300-900°F (150-480°C). 
In addition to the four modes of film breakdown descr ibed in Ch. I, Shires 
observed the following t rends with r ega rd to sputtering: 

1. Increas ing the water flow ra te i nc reases the rewetting velocity. 

2. Increas ing the water subcooling inc reases the rewetting velocity. 

3. Increas ing the initial rod t e m p e r a t u r e s dec rease s the rewett ing 
velocity. 

An in teres t ing approach was used by Shires to es t imate the sputtering t e m p e r a ­
ture. A se r i e s of t es t s was conducted for different initial rod t empe ra tu r e s 
but at a constant water t empe ra tu r e and flow ra te . By extrapolating the data, 
an infinite rewetting velocity was calculated for an init ial rod t empera tu re of 
280°F (140°C). Shires concluded that this is the sputter ing t empera tu re . 

Yamanouchi^"'^^ cons idered the rewett ing of a s imulated r eac to r fuel 
subassembly where water was used to cool 36 e lec t r ica l ly heated tubes in a 
confined geometry. Data^" were repor ted showing the conditions when rewett ing 
was not possible . These conditions were a combination of high e lec t r ic power 
supplied to the tubes , low water subcooling and low water flow r a t e s . Ei ther 
p rog re s s ive evaporat ion or flooding prevented the water from penetra t ing to the 
bottom of the hea te r assembly . The sput ter ing-front t empe ra tu r e was m e a ­
sured to be 300°F (150°C). Yamanouchi^^ proposed a model for predict ing the 
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s p u t t e r i n g - f r o n t ve loc i ty . Since th i s m o d e l h a s been wide ly u s e d , ' ^ ' ' ^ ' ^ ' ' • " the 
b a s i c a s s u m p t i o n s wil l be p r e s e n t e d h e r e . 

1. The r e w e t t i n g - f r o n t ve loc i ty is cons t an t . Th i s r e d u c e s the p r o b l e m 
to s t e ady s t a t e . (Bukur and I sb in have shown tha t the t i m e r e q u i r e d to r e a c h 
a s t e ady r e w e t t i n g ve loc i t y for the Yamanouch i s y s t e m is i n s ign i f i can t c o m ­
p a r e d to the t i m e to r e w e t the tubes.^) 

2. Only ax ia l conduc t ion in the rod is s ign i f ican t , and the r e w e t t i n g 
i s a x i s y m m e t r i c . 

3. The d r y zone is a d i a b a t i c . 

4 . The h e a t - t r a n s f e r coeff ic ient in the we t t ed zone i s a c o n s t a n t . 

5. The w a t e r - f i l m t e m p e r a t u r e is c o n s t a n t at Tg^^. 

6. The tube wal l t h i c k n e s s i s th in c o m p a r e d to the tube d i a m e t e r so 
tha t a r e c t a n g u l a r c o o r d i n a t e s y s t e m i s a d e q u a t e . 

An e n e r g y b a l a n c e on an e l e m e n t of the tube y ie lded a l i n e a r s e c o n d - o r d e r 
d i f f e ren t i a l equa t ion r e l a t i n g the t e m p e r a t u r e to ax ia l pos i t i on . T h i s d i f f e r e n ­
t i a l equa t ion w a s so lved in both the d r y zone (h^, = O) and the we t t ed zone 
(K^ = c o n s t a n t ) . The so lu t ions w e r e jo ined at the s p u t t e r i n g f ront by r e q u i r i n g 
tha t the c a l c u l a t e d t e m p e r a t u r e equal the s p u t t e r i n g t e m p e r a t u r e and tha t the 
t e m p e r a t u r e g r a d i e n t s at tha t i n t e r f a c e be equal . (A s i m i l a r a p p r o a c h i s t aken 
in Appendix A.) The s p u t t e r i n g ve loc i ty can be exp l i c i t l y w r i t t e n a s a function 
of the in i t i a l tube t e m p e r a t u r e , the s a t u r a t i o n t e m p e r a t u r e of the w a t e r , the 
h e a t - t r a n s f e r coeff ic ient in the we t ted zone , and the s p u t t e r i n g t e m p e r a t u r e : 

u 
. - 1 
sput (5) 

If 

Too - T sput 
T T 
•̂  sput sa t 

» 1, 

Equa t ion 5 can be a p p r o x i m a t e d as 

u 
. - 1 
sput PfC t ^ t 

sput 
h c k t T sput s a t 

(6) 

The m a g n i t u d e of h^ w a s d e t e r m i n e d by m e a s u r i n g the r e w e t t i n g r a t e s on an 
unconf ined v e r t i c a l tube and solving Eq. 6 for he- The s p u t t e r i n g t e m p e r a t u r e 
w a s c o n s i d e r e d to be 300°F (150°C), and the s p u t t e r i n g v e l o c i t i e s w e r e s u c c e s s ­
fully c o r r e l a t e d when the h e a t - t r a n s f e r coef f ic ien t was a s s u m e d to v a r y wi th 
flow r a t e a s 

he = 4 2 8 8 / f ; 150 ^ r ^ 2682. 
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This is a s t ra ightforward analysis and will be d iscussed again in Ch. VI; 
however, some additional comments a r e appropr ia te he re . F r o m Eq. 7, h^ 
ranges from 58,000 to 223,000 Btu/hr- f t^-°F (33 to 127 W/cm^-°C). These 
values seem high when compared to subcooled-forced-convection nucleate 
boiling, which leads to values that a re typically 10,000 Btu/hr-ft^-°F (5.6 W/ 
cm -°C). It can be seen from Eq. 6 that decreas ing h^ dec rease s Usput because 
usput va r i e s with the square root of h^. Thus, by decreas ing h^ by a factor of 
10 to bring it into a range of m o r e commonly observed values, the predic ted 
rewetting velocity d e c r e a s e s by a factor of 3 below the measu red values. (It 
will be shown in Ch. VI that a major cause of the underpredict ion of usput^^y ^ 
factor of 3 can be re la ted to the accuracy of the es t imates of the surface and 
effective liquid t empe ra tu r e at the sputtering front. By knowing these t e m p e r ­
a tu res , one can de termine the boiling mechan i sm and heat flux. Other inves­
t igators examined sputtering after Yamanouchi, and all had the same prob lem 
of guessing at the sput ter ing-front t empera tu re . More sophisticated models 
have been proposed, but all a r e based on best es t imates of sput ter ing-front 
conditions.) 

Yoshioka^ '̂ ^ examined sputtering on a ver t ica l , s ta inless s teel , uncon­
fined, e lec t r ica l ly heated tes t section. Rewetting velocit ies of 57-3000 ft-hr 
(20-1000 m / h r ) for water flow ra t e s of 500-5000 Ibm/h r / f t (750-7500 k g / h r - m ) 
and water t e m p e r a t u r e s of 70-160°F (20-70°C) were measured . These data 
were obtained at a tmospher ic p r e s s u r e , w^here initial t es t section t e m p e r a t u r e s 
ranged from 570 to 940°F (300-500°C). The tes t section was a tube of 0.51-in. 
(13-mm) outside d iameter with a pair of thermocouples mounted on the outside, 
3.9 in. (10 cm) apar t , and a pair located opposite each other, one on the inside 
surface and one on the outside surface. One set was used to m e a s u r e rewett ing 
velocity and the other to detect two-dimensional effects at the sputtering front. 
The e lec t r ic power supplied to the tes t section was in ter rupted during the 
sputtering event. Since the tube had a smal l t he rmal capacity, it began to cool 
immediately. At an initial t empera tu re of 750°F (400°C), the tube cooled at a 
ra te of 38°F/s (20°C/s). Since the rewetting velocity was m e a s u r e d over a 
3.93-in. (10-cm) length, this meant a cooling of at leas t 45°F (25°C) of the tube 
surface before the front approached. Yoshioka repor ted the t empera tu re at 
the sputtering front to be 374°F (190°C) and observed that only a thin layer of 
the falling liquid film took pa r t in the boiling. Yoskioka concluded that in­
creas ing the water flow ra te above the amount needed to form this thin layer 
has no effect on the rewetting velocity. 

Yoskioka proposed a two-region, two-dimensional model for the r e ­
wetting phenomena. The dry zone was assumed to be adiabatic while the wetted 
zone had a constant hea t - t r ans f e r coefficient. As with the Yamanouchi model , 
the front p r o g r e s s e d downward as fast as the surface could be cooled to the 
sputtering t e m p e r a t u r e . One of the shor tcomings of the Yoskioka model was 
the choice of boundary conditions at the sputtering front. At this location, the 
radia l t e m p e r a t u r e gradient was assumed to be zero. This assumption great ly 
reduces the mathemat ica l difficulties, but cannot be justified for the sput ter ing 
p r o c e s s . 
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A o n e - d i m e n s i o n a l , t h r e e - r e g i o n m o d e l of the s p u t t e r i n g p h e n o m e n a 
w a s p r o p o s e d by Sun et al.^^ The m o d e l is b a s e d on t h r e e d i s t i n c t e x p e r i m e n ­
ta l ly o b s e r v e d r e g i o n s : 

1. A d r y a d i a b a t i c r e g i o n be low the s p u t t e r i n g f ront . 

2. A we t t ed r e g i o n w h e r e i n t e n s e boi l ing o c c u r s . 

3. A con t inuous fal l ing l i q u i d - f i l m r e g i o n above the s p u t t e r i n g f ron t 
( s e e F i g . 4). 

E a c h of the two r e g i o n s in the we t t ed zone h a s a c o n s t a n t h e a t - t r a n s f e r coef­
f ic ient . The a s s u m e d va lue for the fa l l ing f i lm r e g i o n w a s 100 B t u / h r - f t ^ - ° F 
(0 .05 W/cm^-°C) , and for the boi l ing r e g i o n the va lue was 3000 B t u / h r - f t ^ - ° F 
(1 .7 W/cm^-°C) . The boi l ing r e g i o n is bounded by inc ip i en t bo i l ing and s t ab le 
f i lm bo i l ing ; by r e f e r r i n g to F ig . 2, one s e e s tha t th i s i n c l u d e s the e n t i r e 
n u c l e a t e - b o i l i n g and t r a n s i t i o n - b o i l i n g z o n e s . The t e m p e r a t u r e at the w e t - d r y 
i n t e r f a c e w a s a s s u m e d to be 500°F (260°C), which c o r r e s p o n d s to s t a b l e f i lm-
bo i l ing t e m p e r a t u r e s . 

K z 
UJ o 

^ ^ a. 0= 
in 

SPUTTERING 
FRONT 

^ s p u t = ' ° 2 ' ' ^ 

/ 
h j » 80000 Btu/hr/f t / ' F 

h j .a lOOBtu/hr / f t / " F 

hga3000Btu/hr/ f t / " F 

^ p u f = 5 0 0 - F 

h « 100,000 Btu/hr/f t / ' F 

^ ° < ^ u r - T . a t ' 

T . ! 3 I 7 0 - 2 I 0 ' F (put 

ABOVE 1 , 0 , 

YAMANOUCHI MODEL SUN, DIX, TIEN 
MODEL 

THOMPSON MODEL 

Fig. 4. Comparison of Sputtering Models for Water. ANL Neg. No. 900-75-864. 

An e x p e r i m e n t a l a n d a n a l y t i c a l s t u d y of r e w e t t i n g w a s c o n d u c t e d b y 
Duf fey a n d P o r t h o u s e . ' ^ ' ' ^ E x p e r i m e n t s w i t h e l e c t r i c a l l y h e a t e d s t a i n l e s s s t e e l 
t e s t s e c t i o n s f r o m 573 t o 1 4 7 2 ° F ( 3 0 0 - 8 0 0 ° C ) s h o w e d r e w e t t i n g p h e n o m e n a t o 
b e i d e n t i c a l f o r b o t h f a l l i n g f i l m s a n d b o t t o m f l o o d i n g . T h e s e t e s t s w e r e c o n ­
d u c t e d a t a t m o s p h e r i c p r e s s u r e w i t h w a t e r f low r a t e s of 2 4 - 7 2 5 0 I b m / h r - f t 
( 3 6 - 1 0 , 8 0 0 k g / h r - m ) . T h e a x i a l l e n g t h of t h e n u c l e a t e - b o i l i n g z o n e a b o v e t h e 
w e t - d r y i n t e r f a c e w a s r e p o r t e d to be 0 . 1 9 8 in . ( 0 . 5 c m ) . 
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Two models of the sputtering p r o c e s s were proposed: 

1. A two-region, one-dimensional model s imi la r to the Yamanouchi 
model , valid for Biot numbers hcet /kf ^ 1-

2. A two-region, two-dimensional model for la rge Biot numbers , 
which reduces to the one-dimensional model as the Biot number becomes small , 

Duffey and Por thouse used a macroscop ic energy balance such as Eq. 2 as a 
boundary condition to find Ugp^^-. This differs from the approach of Yamanouchi, 
who required a smoothly continuous t empera tu re profile. The resul t ing one-
and two-dimensional solutions a r e , respect ively , 

-1 n / ^ ( T c o - T ^ i q ) ^ T „ - T^ ) ' ' 
^sput = P t ^ t ^ r ^ ;f——=r- ^ (8) 

V ncKt •'-sput -"-liq 

and 

- 1 
TT P f ^ t Too - T^^q 

""^P^^ ' 2 he Tsput - Tliq- ^^^ 

The authors were not sure if the p roper liquid t empera tu re at the sputtering 
front was the initial liquid t empera tu re or the saturat ion t empera tu re . If the 
initial liquid t empera tu re was used, the suggested value for the sputtering 
tempera ture was 374°F (190°C); if the saturat ion t empera tu re was used, 
Tsput ~ 482°F (250°C). It is found that in o rder for these models to predic t 
measured rewetting veloci t ies accura te ly , the hea t - t r ans fe r coefficient mus t 
vary by a factor of 200; the range was 1760-352,000 Btu/hr-f t^-°F 
(1-200 W/cm^-°C)-. 

Bennett^ obtained sputtering data with sa turated water on a s ta in less 
steel tes t section at var ious p r e s s u r e s (100, 200, 300, 500, 1000 psia) (6.8, 
13.6, 20.4, 34, 68 atm). The sput ter ing-front t empera tu re was m e a s u r e d to 
be 170-208°F (95-115°C) above the saturat ion t empera tu re . The rewetting ra te 
was found to be inverse ly proport ional to the initial t empera tu re of the rod and 
independent of the water flow^ ra te . The data of Bennett were analyzed by 
Thompson ^ with a tv^o-region model (see Fig. 4). The v/et-side hea t - t r ans f e r 
coefficient was proport ional to (Tg^j.fa^eg - Tga.t)^, while the dry region below 
the sputtering front was assumed to be adiabatic. This hea t - t r ans fe r coeffi­
cient makes the rod energy equation nonlinear; hence Thompson used numer ica l 
methods to obtain a solution. Both one-dimensional and two-dimensional 
models were used with calculated hea t - t r ans f e r coefficients up to 100,000 Btu/ 
hr-ft^ (56.7 W/cm^-°C) and heat fluxes up to 20,000,000 Btu/hr-ft^ (1500 W/cm^). 
These high hea t - t r ans fe r coefficients a r e justified by citing Refs. 30 and 69 
where these ve ry high values were observed. However, the flow conditions in 
the r e f e r e n c e s , high subcooling and velocity, a r e not s imi la r to the conditions 
of Bennett, and the applicability of these re fe rences is questionable. 
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T h e e a r l y B W R F L E C H T * t e s t s ^ ° ' ^ ^ ' ' ' ' ^ ^ ' ^ w e r e c o n d u c t e d w i t h 49 e l e c ­
t r i c a l l y h e a t e d r o d s a t p r e s s u r e s of 1 5 - 3 0 0 p s i a ( 1 - 2 0 . 4 a t m ) . T e s t r e s u l t s 
w i t h s t a i n l e s s s t e e l a n d Z i r c a l o y w e r e s i m i l a r . C o n s i d e r a b l e s c a t t e r i n t h e 
d a t a w a s e v i d e n t , w i t h t h e p e a k c l a d t e m p e r a t u r e v a r y i n g w i t h r o d p o s i t i o n m 
t h e a r r a y . T h e r o d s a d j a c e n t t o t h e s t a i n l e s s s t e e l e n c l o s u r e , w h i c h u s u a l l y 
c o o l e d f i r s t , h a d a l o w e r p e a k t e m p e r a t u r e t h a n t h e i n t e r i o r r o d s . N o d e p e n ­
d e n c e o n w a t e r f low r a t e o r i n i t i a l c o n d i t i o n s c o u l d b e e s t a b l i s h e d . H o w e v e r , 
i t w a s r e p o r t e d t h a t t h e r e w e t t i n g r a t e i n c r e a s e d w i t h p r e s s u r e . 

N u m e r o u s t e s t s w e r e c o n d u c t e d d u r i n g t h e P W R F L E C H T p r o g r a m , 
w h i c h s i m u l a t e d L O C A c o n d i t i o n s i n o r d e r t o e v a l u a t e P W R E G G S p e r f o r m a n c e . 
S i m u l a t e d r e a c t o r f ue l s u b a s s e m b l i e s i n 7 x 7 a n d 10 x 10 a r r a y s of s t a i n l e s s 
a n d Z i r c a l o y c l a d r o d s w e r e u s e d . T h e E C C S of a P W R i s p r i m a r i l y a " b o t t o m 
f l o o d i n g " d e v i c e w h e r e t h e l a r g e q u a n t i t i e s of w a t e r a r e i n j e c t e d i n t o t h e r e a c ­
t o r v e s s e l t h r o u g h t h e i n l e t p i p i n g . T h e P W R t e s t s s h o w e d l i q u i d e n t r a i n m e n t 
t o b e a n e f f e c t i v e h e a t - t r a n s f e r m e c h a n i s m in t h e r e g i o n a b o v e t h e r i s i n g 
l i q u i d p o o l . T h e e f f e c t i v e n e s s of t h e l i q u i d e n t r a i n m e n t i n c r e a s e d w i t h w a t e r 
t e m p e r a t u r e . T h i s i s a r e s u l t of l a r g e r q u a n t i t i e s of s t e a m b e i n g g e n e r a t e d 
a n d , h e n c e , e n t r a i n i n g m o r e w a t e r . H e a t - t r a n s f e r c o e f f i c i e n t s b e t w e e n t h e 
r o d ' a n d m i s t w e r e r e p o r t e d to b e 3 0 - 1 0 0 B t u / h r - f t ^ - ° F (0 .0 1 7 - 0 . 0 5 6 W / c m ^ - ° C ) . 
A s w i t h t h e B W R F L E C H T , t h e p e r f o r m a n c e of a P W R E C C S i s e n h a n c e d b y 
i n c r e a s e d p r e s s u r e . T h e t e m p e r a t u r e a t t h e q u e n c h i n g f r o n t w a s r e p o r t e d t o 
b e 6 0 0 - 1 2 0 0 ° F ( 3 1 5 - 6 5 0 ° C ) . H o w e v e r , t h e a c c u r a c y of t h i s m e a s u r e m e n t w a s 
p o o r s i n c e d a t a w e r e r e c o r d e d o n c e e v e r y 4 s. A l s o , t h e q u e n c h - f r o n t t e m p e r ­
a t u r e w a s n o t t h e s p u t t e r i n g - f r o n t t e m p e r a t u r e , b u t t h a t p o i n t w h e r e t h e t e m ­
p e r a t u r e b e g a n t o d r o p r a p i d l y a s t h e r e w e t t i n g f r o n t a p p r o a c h e d . 

B y r e v i e w i n g t h e l i t e r a t u r e t h r o u g h 1 9 7 4 , w e c a n c o n c l u d e t h a t s p u t ­
t e r i n g i s a h e a t - t r a n s f e r p r o c e s s t h a t h a s n o t y e t b e e n u n a m b i g u o u s l y l o c a t e d 
on t h e b o i l i n g m a p g i v e n b y F i g . 2 . A s t h e s u b j e c t of i n t e n s i v e i n v e s t i g a t i o n s , 
s p u t t e r i n g h a s b e e n o b s e r v e d ( l ) in a w i d e v a r i e t y of g e o m e t r i e s , (2) on m a t e ­
r i a l w i t h d i f f e r e n t t h e r m a l p r o p e r t i e s , (3) a t d i f f e r e n t p r e s s u r e s , a n d (4) fo r 
a w i d e r a n g e of f low r a t e s a n d s u b c o o l i n g s . T h e d a t a h a v e b e e n c o r r e l a t e d 
w i t h o n e - a n d t w o - d i m e n s i o n a l m o d e l s b y a s s i g n i n g v a l u e s t o t w o of t h e u n ­
k n o w n s ( s u c h a s t h e s p u t t e r i n g t e m p e r a t u r e a n d e f f e c t i v e w a t e r t e m p e r a t u r e 
a t t h e s p u t t e r i n g f r o n t ) , a n d b y v a r y i n g t h e t h i r d p a r a m e t e r ( s u c h a s t h e h e a t -
t r a n s f e r c o e f f i c i e n t ) t o a l l o w t h e c o r r e l a t i o n t o f i t t h e d a t a . S o m e of t h e p e r ­
t i n e n t q u e s t i o n s a b o u t s p u t t e r i n g a r e : 

1. W h a t i s t h e s p u t t e r i n g - f r o n t t e m p e r a t u r e ? T h i s t e m p e r a t u r e i s 
i m p o r t a n t i n i d e n t i f y i n g t h e h e a t - t r a n s f e r p r o c e s s . P r e s e n t l y , t h i s t e m p e r a t u r e 
h a s b e e n e s t i m a t e d t o b e 2 8 0 - 5 0 0 ° F ( 1 4 0 - 2 6 0 ° C ) . A r a n g e t h i s w i d e w i l l n o t 
i d e n t i f y t h e h e a t - t r a n s f e r p r o c e s s . 

•Most commercial reactors arc presently Boiling Water Reactors (BWR's) or Pressurized Water Reactors (PWR's). 
Performance of ECCS's were tested in the Full Length Emergency Cooling Heat Transfer (FLECHT) tests for 
each type of reactor. 



21 

2. What is the heat - t ransfer coefficient? Two-dimensionality can be 
related to the heat- t ransfer coefficient, which is reported to vary by a factor 
of 200. 

3. Does water flow ra te affect the rewetting velocity? Shires ' and 
Yamanouchi^"'®' indicate that rewetting velocity increases with flow ra te ; 
Yoshioka®^'^^ and Bennett^ reported no effect, 

4. Experimental data have been reported showing the rewetting ve­
locity to increase with water subcooling. At present , no consistent method 
exists for incorporating this observation in analysis. 
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HI. E X P E R I M E N T 

It w a s shown in Ch. II tha t s p u t t e r i n g h a s been the sub jec t of e x t e n s i v e 
i n v e s t i g a t i o n s . Up to the p r e s e n t , a l l s t u d i e s of s p u t t e r i n g have been c o n c e r n e d 
with a mov ing s p u t t e r i n g front on a v e r t i c a l rod o r tube . The r e a s o n for the 
wide r a n g e of e x p e r i m e n t a l s p u t t e r i n g - f r o n t t e m p e r a t u r e s i s m o r e e a s i l y 
u n d e r s t o o d by examin ing F ig . 1. The rod length w h e r e the t e m p e r a t u r e d r o p s 
f r o m T^ to T^^q i s v e r y s h o r t , tha t i s , a s t e e p t e m p e r a t u r e g r a d i e n t e x i s t s in 
t h i s r eg ion . Since i n v e s t i g a t o r s have t r i e d to m e a s u r e the t e m p e r a t u r e w h e r e 
a s t e e p t e m p e r a t u r e g r a d i e n t e x i s t s , a s l igh t e r r o r in the a x i a l d i r e c t i o n would 
r e s u l t in c o n s i d e r a b l e t e m p e r a t u r e e r r o r . To f u r t h e r c o m p l i c a t e the p r o b l e m , 
the s p u t t e r i n g f ront i s nnoving. In th i s c a s e not only m u s t the exac t l oca t ion 
be known, but the t e m p e r a t u r e m u s t be n n e a s u r e d at the i n s t a n t the s p u t t e r i n g 
f ront a r r i v e s . R e a l i z i n g t h e s e p r o b l e m s , a d i f fe ren t a p p r o a c h to the i n v e s t i ­
ga t ion w a s u n d e r t a k e n . 

With a moving s p u t t e r i n g f ront , a s t e ep t e m p e r a t u r e g r a d i e n t e x i s t s at 
a fixed loca t ion for only a s h o r t t i m e . The i n t e n s e boi l ing a t the s p u t t e r i n g 
f ront t a k e s p l ace as the fal l ing l iquid f i lm p r o g r e s s i v e l y m o v e s d o w n w a r d 
cool ing the rod . If a h e a t s o u r c e of suff ic ient i n t e n s i t y w e r e a v a i l a b l e to s u s ­
t a in the t e m p e r a t u r e g r a d i e n t , the downward p r o g r e s s would c e a s e . With a 
s t a t i o n a r y s p u t t e r i n g f ront , the t e m p e r a t u r e m e a s u r e m e n t s can be m a d e with 
m u c h g r e a t e r a c c u r a c y than the p r e v i o u s l y r e p o r t e d r a n g e of 2 8 0 - 5 0 0 ° F 
(137-260°C) . The cool ing ac t ion in the n u c l e a t e - b o i l i n g zone l o w e r s the s u r ­
face t e m p e r a t u r e independen t of the s p u t t e r i n g - f r o n t ve loc i ty b e c a u s e the 
w^ater ve loc i ty is at l e a s t g r e a t e r by an o r d e r of m a g n i t u d e than the r e w e t t i n g 
ve loc i ty . The d i f fe rence be tween a mov ing and a s t a t i o n a r y s p u t t e r i n g front 
is tha t in a moving s p u t t e r i n g f ront the tube is cooled f r o m an in i t i a l t e m p e r a ­
t u r e to a final t e m p e r a t u r e at a c o n s t a n t ve loc i ty ; in a s t a t i o n a r y s p u t t e r i n g 
f ront t h e r m a l e n e r g y is suppl ied at a c o n s t a n t r a t e . By mov ing with a r e w e t ­
t ing f ront , i t a p p e a r s to be a s t e a d y - s t a t e p r o c e s s wi th the tube s u r f a c e be ing 
coo led f r o m T to Tjiq at a ve loc i ty of Ugp^^. ( s e e F i g . 1). The s t a t i o n a r y 
s p u t t e r i n g f ront i s t r u l y s t e ady s t a t e with the t e m p e r a t u r e a t the s a m e p h y s i c a l 
l oca t ion r e m a i n i n g cons t an t . The r e m a i n d e r of t h i s c h a p t e r i s u s e d to d e s c r i b e 
the e x p e r i m e n t a l a p p a r a t u s u sed . All da ta ob ta ined with a s t a t i o n a r y s p u t t e r i n g 
f ront a r e t abu l a t ed in Appendix B. 

A. E x p e r i m e n t A p p a r a t u s 

Up to the p r e s e n t , m o s t t e s t s e c t i o n s have been f a b r i c a t e d f rom s t a i n ­
l e s s s t e e l o r m a t e r i a l s with s i m i l a r t h e r m a l p r o p e r t i e s . With a s t a t i o n a r y 
s p u t t e r i n g f ront , a l l the t h e r m a l e n e r g y m u s t be conduc ted to the f ront by a 
t e m p e r a t u r e g r a d i e n t in the t e s t s ec t i on . If a m a t e r i a l of h igh t h e r m a l con­
duc t iv i ty is c h o s e n , a l ower t e m p e r a t u r e g r a d i e n t is r e q u i r e d . C o p p e r , wh ich 
h a s a conduc t iv i ty about 20 t i m e s g r e a t e r than s t a i n l e s s s t e e l , w a s c h o s e n . 
Th i s cho ice of m a t e r i a l n e c e s s i t a t e d that a l l e x p e r i m e n t s be conduc ted in an 
i n e r t a t m o s p h e r e b e c a u s e of the r a p i d oxida t ion of c o p p e r at e l e v a t e d 
t e m p e r a t u r e s . 
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A hood about 40 x 40 x 30 in. (100 x 100 x 75 cm) was purged with 
argon typically for one day p r io r to conducting exper iments . Manipulation of 
the tes t section and other ins t ruments within the hood was accomplished with 
gloves while observing through the front window, a l / 2 - in . - th i ck Plexiglas 
plate. 

B. Tes t Section and Heater Assembly 

The tes t section (see Fig. 5) was fabricated from three pieces of 
copper bar stock and welded together . The ent i re t es t section was 25 in. 
(63 cm) long. 

1. The top, of 3/8-in. OD by 17 in. (0.95-cm OD x 43 cm), mos t of 
which is not shown in Fig. 5, is where the falling water film flowed and was 
eventually sput tered off near the bottom. Sputtering usually occur red within 
1 in. of the top-body junction. 

2. The body, of 2-in. OD by 2 in. (5-cm OD x 5 cm), was the region 
where t h e r m a l energy entered the tes t section by radiation. The upper lip of 
the body made an e lec t r i ca l connection with the graphite hea ter . 

3. The s tem, of l / 2 - in . OD by 6 in. (1.27-cm OD x 15.24 cm), p ro ­
truded from the body downward into the water bath and functioned as a 
t empera tu re -modera t ing device. If the body t empera tu re climbed too high, 
the s tem t empe ra tu r e gradient increased , thus increasing the heat loss to the 
water bath, and vice ve r sa . The s tem also functioned as an e lec t r ica l 
connection. 

The heat source for these exper iments w^as a graphite sleeve which fit 
around the t e s t - sec t ion body and radiated the rmal energy. The graphite was 
heated by low-voltage, h igh-cur ren t ac power to an es t imated 3000°F during 
normal operation. The top of the hea ter made e lec t r ica l contact with the tes t -
section body, and the bottom of the hea te r made e lec t r ica l contact w îth the 
b r a s s platform. Both the top and bottom of the hea ter were copper plated to 
reduce contact voltage drop. Because equal amounts of the rmal energy were 
radiated both inwardly and outwardly, a shielding a r rangement had to be con­
structed. These shields (see Fig. 5) were a r ranged concentr ical ly by align­
ment r ings in the b r a s s platform. When fully assembled, the apparatus 
appeared as shown in Fig. 6; a c r o s s - s e c t i o n a l view is shown in Fig. 7. 

C. Measurements of Surface Tempera tu re 

The Chromel and Alumel leads of the thermocouple probe were located 
at the end of a modified pair of s e i ze r s (see Fig. 8). By grasping the copper 
tes t section with the s e i z e r s , two thermocouple junctions were formed on the 
hea te r surface: a Chromel -copper , and d i rec t ly opposite it on the ver t ica l 
copper rod a copper-Alumel . Since both junctions were located at the surface, 
the signal produced by this type of probe was proport ional to the surface t em­
p e r a t u r e at a given elevation. The tips of the s e i ze r s including all but the ends 
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Cross-sectional View of Test 
Section and Shields. ANL 
Nes. No. 900-75-865. 

THEBMOCOUPLE INSIDE 

THERMODIP 
HEAT CURING flESIN 

mmmmmmm 
BE 

2! 

Tlpde^sis'ite^s^eliTTNL!!'Bii 'sti >li Bit'sti 'Tti'ott' le te k IB ia tp iQ»**\i 

10 11 

ipi|i*in|Mp 
.13 II 

Fig. 8. Thermocouple Probe and Mixing Cup. ANL Neg. No. 900-4504. 
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of the C h r o m e l and A l u m e l w i r e s w e r e i n su l a t ed with a t h e r m a l - c u r i n g r e s m . 
Th is w a s done to p r e v e n t w a t e r f rom coming in con tac t with the l e a d s and 
lower ing the junct ion t e m p e r a t u r e . Good a c c u r a c y and r e s p o n s e of the t h e r m o ­
couple p r o b e ( s ee Appendix C) was obta ined at r e f e r e n c e t e m p e r a t u r e s (32 and 
2 12°F) (0 and 100°C). The e l e c t r i c a l r e s i s t a n c e of the p r o b e upon m a k i n g a 
c i r c u i t with the t e s t sec t ion was found to be ins ign i f ican t ly h i g h e r than the 
e l e c t r i c a l r e s i s t a n c e of a C h r o m e l - A l u m e l t h e r m o c o u p l e of equa l l ength and 
gauge , ind ica t ing good e l e c t r i c a l con tac t with the t e s t s ec t ion . All t e m p e r a t u r e s 
w e r e r e c o r d e d with a Dor ic Dig i t r end 2 10. 

The t h e r m o c o u p l e p robe was pos i t i oned along the v e r t i c a l r o d by a 
t r a v e r s i n g dev ice ( see F ig . 9). The p r o b e was i n s e r t e d into a m i l l e d s lot in 
a so l id b r a s s b lock which was moved by twin lead s c r e w s . A c a m a r r a n g e m e n t , 
l oca t ed at the top of the lead s c r e w s , p e r m i t t e d fixed v e r t i c a l s t eps of 0. 100, 
0 .050, and 0.020 in. (0 .254, 0 .127, and 0.058 cm) . Th i s e x p e r i m e n t a l a r r a n g e ­
m e n t p e r m i t t e d m e a s u r e m e n t of the s u r f a c e t e m p e r a t u r e at m a n y l o c a t i o n s 
wi thout the cons t an t d i s r u p t i o n of the fi lm by p e r m a n e n t l y pos i t i oned t h e r m o ­
coup le s . The c a m a r r a n g e m e n t p rov ided c o n s t a n t v e r t i c a l s t e p s ; h o w e v e r , the 
c l e a r a n c e in the m i l l e d s lot was a s o u r c e of e r r o r . The t ip of the t h e r m o c o u p l e 

Fig. 9. Interior of Hood. ANL Neg. No. 900-4507A. 
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probe could move ver t ica l ly 0.040 in. (1 mm) because of c learance in the 
milled slot. Normal ly during test ing, the probe was held f irmly against one 
side so there was only negligible movement . However, because of the c l ea r ­
ance, the ver t i ca l m e a s u r e m e n t should be considered to be ±0.020 in, 
(±0.051 cm). The t empe ra tu r e e r r o r is the total of all the e r r o r sources , A 
to lerance of ±4°F (2°C) should be associa ted with the thermocouple junction 
and Digitrend 210. The e r r o r due to the c learance in the t r ave r s ing device is 
a function of t e s t - s ec t ion t empe ra tu r e gradient. For example, with a t empera ­
ture gradient of 1000°F/in. ( 1 4 r C / c m ) , the e r r o r would be ±20°F (±11°C). 

D. Sputtered Water Tempera tu re 

The t empera tu re of the water sputtered from the rod was init ially 
measu red with a Chromel-Alumel thermocouple held near the sputtering front. 
However, these data had considerable sca t te r , of the o rder of 30°F (17°C). 
This sca t te r was reduced by using the mixing cup show^n in Fig. 8. This cup, 
which had a negligible t he rma l capacity, held a Chromel-Alumel thermocouple 
which m e a s u r e d the average or bulk sput tered water t empera tu re . Data ob­
tained in this manner did not have as much sca t ter as obtained from the or ig­
inal, ba re - the rmocouple bead. Even w^ith this improvement , the spray 
t empera tu re (sput tered water) should be considered ±5°F (±2.8°C). 

E. Water Tempera tu re and Condensation Heat Flux 

Water was introduced onto the copper rod approximately 17 in. above 
the sputtering front. A phenol-fiber distr ibuting block held a thermocouple 
for measur ing the water t empera tu re and for distr ibuting the flow around the 
t es t - sec t ion per iphery . This block, shown in Fig. 10, was located at the top 
of the copper t es t section. Sleeves of l 60 -mesh Monel sc reen were also used 
to insure the ent i re per iphery was wetted by the falling liquid film. Since the re 
was usually some s team inside the hood, condensation occur red on the film, 
which inc reased the film t empera tu r e . The film t empera tu re was moni tored 
with thermocouples located 7 , 4 , and 2 in. above the sputtering front. A l inear 
extrapolation from these th ree thermocouples was used to es t imate the t em­
pera tu re of the liquid entering the sputtering front. Appendix D i l lus t r a t e s 
how the heat flux due to condensation was determined. 

F. Measuremen t s of Water Flow Rate 

Deminera l ized, degassed water was used as a tes t fluid which was 
supplied at constant flow ra te from a 12.1-gal p r e s s u r i z e d r e s e r v o i r (see 
Fig. 10). This r e s e r v o i r was maintained at constant t empera tu re by a water 
bath. The flow ra te was controlled by adjusting a valve on the r e s e r v o i r and 
m e a s u r e d by a 3/8- in . F i s che r and P o r t e r f lowmeter. Flow ra t e s were v e r i ­
fied by measur ing the volume of water flow during 100 s immedia te ly after a 
test . The f low-rate data of Appendix B should be considered to be ±5%. 
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Fig. 10. Test Facility. ANL Neg. No. 900-4508A Rev. 1. 

A su r f ac t an t , Pho to f lo -200 , was added to the t e s t w a t e r to i m p r o v e the 
wet t ing of the coppe r rod. Th i s w a t e r - s u r f a c t a n t m i x t u r e gave a u n i f o r m 
s p u t t e r i n g front with the e n t i r e p e r i p h e r y at the s p u t t e r i n g front. The effect 
of su r f ac t an t c o n c e n t r a t i o n on the s u r f a c e t ens ion of w a t e r was m e a s u r e d by 
c a p i l l a r y ac t ion with 5-\ p i p e t t e s at 70°F. The effect of s u r f a c t a n t w a s a s ­
sumed cons t an t with t e m p e r a t u r e ; F ig . 11 shows how the s u r f a c e t e n s i o n w a s 
e s t i m a t e d as a function of t e m p e r a t u r e . Sur face t ens ion w a s m e a s u r e d b e c a u s e 
it is a p a r a m e t e r in boil ing c o r r e l a t i o n s . The change in s u r f a c e t e n s i o n i s 
given in Appendix B for each t e s t c a s e . 
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Fig. 11. Effect of Photoflo-200 on Surface Tension. 

ANL Neg. No. 900-75-866. 

G. Exper imenta l P r o c e d u r e 

All the data were obtained 
in a hood which had been purged 
with argon. A minimum of 300 ft 
(8. 5 m^), ten t imes the volume of the 
hood, was used for purging, which 
usually took 24 hr . Demineral ized, 
degassed water was used for test ing 
and kept in a water bath to insure 
that i ts t empera tu re did not change 
during test ing. If surfactant was 
to be added to the water , it was 
added pr ior to degassing. Also, 
p r ior to degassing the des i red 
water t empera tu re was obtained 
by heating the tes t water and 
water bath with l ow-p re s su re 
s team. Condensation within the 
hood was reduced by means of a 
heat exchanger using a closed-
ci rcui t ethylene glycol loop. The 
ethylene glycol was cooled with 
dry ice. 

Eighteen t empera tu re s 
were monitored during testing. 
Among these w^as the t e s t - sec t ion 
body t empera tu re , which was 
maintained constant by equalizing 
the heat losses and gains. The 
two methods of controlling the 
body t empera tu re during sputtering 
were by al ter ing the e lec t r ic power 

to the hea te r or by moving the water bath to change the heat loss down the tes t -
section s tem to the water bath. When a steady t e s t - sec t ion body t empera tu re 
in the 700-800°F (371-427°C) range was obtained with a s ta t ionary sputtering 
front, surface measu remen t s were taken. Measurements of sputtering surface 
t empera tu re were obtained by stepping the t r ave r s ing device and grasping the 
tes t section with the thermocouple probe for approximately 2 s at each step. 
Data were obtained by stepping ei ther upward or downward; the direct ion was 
a r b i t r a r y and did not affect the data or the t ime requ i red to r eco rd these data 
~ 1 min. 

The exper imenta l appara tus descr ibed in this chapter per formed well , 
providing data for s ta t ionary sputtering fronts for water flow ra te s varying by 
a factor of four and subcoolings from 40 to 140°F (22-77°C). The data were 
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reproducible ; runs 7A and 7B and 8A and SB a re listed in Appendix B to verify 
this fact. The experimental procedure was s traightforward because the data 
were taken at steady state. Normally the surface t empera tu re m e a s u r e m e n t s 
were taken at a ra te of 30 per minute. These t empera tu re m e a s u r e m e n t s 
were plotted to show the t empera ture profile through a sputtering front. Ex­
amples of these profiles a re shown in Ch. VI; the analytical model to descr ibe 
these data is developed in the following chapter . 
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IV. MATHEMATICAL MODEL OF SPUTTERING 

The data obtained in this study were s teady-s ta te data and can be 
analyzed using a s teady-s ta te energy balance. If the tes t section were con­
s idered to be composed of numerous ver t ica l ly stacked disks and the water 
as ver t ica l ly stacked r ings (see Fig. 12), a one-dimensional energy balance 
could be used. The result ing differential equations a re coupled and nonlinear; 
hence, s imultaneous numer ica l solutions a re appropria te . A possible problem 
with the one-dimensional approach is the existence of two-dimensional effects; 
therefore , a tw^o-dimensional model will also be developed. Since the compu­
tational burden of a two-dimensional calculation can be great ly reduced by a 
good init ial guess , the calculated one-dimensional t empera tu re profile will be 
used as the s tar t ing conditions. It will be shown in Ch. VI that two-dimensional 
effects do exist but do not dominate for these data; hence, a one-dimensional 
model is adequate he re . 

ENERGY BALANCE OF ROD 

K,„j — D, ^rod 4 " r o d dz 

^ ' ^ ^ o d ( T , o d - T | i q ) A z 

Z +AZ 

rod 4 ^rod dz 

ENERGY BALANCE OF LIQUID 

/> c u STTD T 
l iq l iq l iq rod l i q 

^ ^ r o d ^ z </>con 

li<1 l iq l iq rod l iq | z 4 Az 

z+Az 
c ^ D ^ o j A z ( T ^ o d - T | i ) 

Fig. 12. One-dimensional Model of Sputtering. ANL Neg. No. 900-75-867. 

A. One-dimensional Energy Equation of the Liquid 

The differential element for the one-dimensional energy equation for 
the falling liquid film is shown in Fig. 12. The following assumptions a re 
made: 

1. The kinetic and potential energ ies of the liquid film are negligible. 

2. There is no axial heat t ransfe r in the liquid. 

3. Mass flow ra te due to condensation is negligible compared to the 
m a s s flow ra te of the film. 

4. The film thickness is smal l compared to the rod radius and, hence, 
a rec tangular coordinate sys tem can be used. 

5. The film can be modeled adequately by one-dimensional analys is . 

6. Steady state is assumed. 
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T h e e n e r g y e q u a t i o n of t h e l i q u i d b e c o m e s 

d „ _ h 

i q ^ l i q ' ^ i i q 
Hy l iq c _ '-"^rod s u r f a c e " T l i q ) 

^Pl iqCl iqUi ic 

(10) 

P l i q ^ l i q ^ l i q ^ 

w h e r e t h e c o n d e n s a t i o n h e a t f lux cP(-on 1^ e s t i n n a t e d a s s h o w n i n A p p e n d i x D. 
I n t r o d u c i n g t h e v a r i a b l e f, w h i c h i s t h e m a s s f l o w r a t e p e r u n i t p e r i p h e r y : 

E q . 10 b e c o m e s 

d _ '^ Irr rr \ c o n , . 
JZ T l i q - T T n ^ ^ T r o d s u r f a c e - T u q ) + . (12) 
^ ^ ^ l i q ' ' ^ l i q 

B. O n e - d i m e n s i o n a l E n e r g y E q u a t i o n of t h e R o d 

C o n s i d e r a s t a t i o n a r y s p u t t e r i n g f r o n t o n a v e r t i c a l s o l i d r o d . W i t h 
t h e o n e - d i m e n s i o n a l d i f f e r e n t i a l e l e m e n t a s s h o w n in F i g . 12 a n d t h e follow^ing 
a s s u m p t i o n s , o n e c a n o b t a i n t h e o n e - d i m e n s i o n a l d i f f e r e n t i a l e n e r g y e q u a t i o n : 

1. T h e s y s t e m i s in s t e a d y s t a t e . 

2. T h e r o d h a s c o n s t a n t p r o p e r t i e s . 

T h e r e s u l t i n g e q u a t i o n i s 

d2 _ 4 h ^ 
d7^ ^^od - ^ 7 5 T^'^rod - Tliq). (13) 
uz "^rod r o d ^ 

T h e o n e - d i m e n s i o n a l t e m p e r a t u r e p r o f i l e s f o r t h e r o d a n d l i q u i d c a n be o b ­
t a i n e d by t h e s i m u l t a n e o u s s o l u t i o n of E q s . 10 a n d 13 . 

T h e c h a r a c t e r i s t i c d i s t a n c e fo r a c y l i n d r i c a l g e o m e t r y i s o n e - q u a r t e r 
of t h e d i a m e t e r . By i n t r o d u c i n g t h e d i m e n s i o n l e s s p a r a m e t e r 

^ " ^ ; ^ ' (14) 

E q . 13 c a n be r e w r i t t e n a s 

^2 h D , 
_d_ _ c r o d . . 
^^2 ^ r o d - 4 k ^ ^ ^ (T j . „d - T l i q ) . (15) 



The t e r m hj,Dj.od/4kj.Q(j i s a d i m e n s i o n l e s s n u m b e r known a s the Biot n u m b e r , 
wh ich c a n be c o n s i d e r e d a s 
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Biot n u m b e r 
i n t e r n a l t h e r m a l r e s i s t a n c e 
s u r f a c e t h e r m a l r e s i s t a n c e 

(16) 

If the Biot n u m b e r i s m u c h l a r g e r t h a n one , the i n t e r n a l r e s i s t a n c e d e t e r m i n e s 
the h e a t t r a n s f e r ; c o n v e r s e l y , if the Biot n u m b e r i s m u c h l e s s t h a n o n e , t he 
hea t t r a n s f e r i s d e t e r m i n e d a t t he s u r f a c e . In o n e - d i m e n s i o n a l a n a l y s i s , t h e r e 
i s no d i s t i n c t i o n b e t w e e n the r o d s u r f a c e t e m p e r a t u r e and the i n t e r i o r t e m p e r a ­
t u r e . T h i s i s not the c a s e for t w o - d i m e n s i o n a l a n a l y s i s of the rod . 

C. T w o - d i m e n s i o n a l A n a l y s i s of the Rod 

N u c l e a t e boi l ing h a s b e e n o b s e r v e d wi th s p u t t e r i n g f ron t s . Hea t f luxes 
of the o r d e r of 1,000,000 B t u / h r - f t ^ a r e a s s o c i a t e d wi th n u c l e a t e boi l ing and, 
h e n c e , s t e e p r a d i a l t e m p e r a t u r e g r a d i e n t s ^vill o c c u r at the r o d s u r f a c e n e a r 
the s p u t t e r i n g front . T h i s o b s e r v a t i o n p r o m p t e d the d e v e l o p m e n t of a t w o -
d i m e n s i o n a l m o d e l for wh ich the fol lowing a s s u m p t i o n s a r e m a d e : 

1. S teady s t a t e . 

2. C o n s t a n t p r o p e r t i e s . 

3. Ax ia l s y m m e t r y w h e r e a o n e - r a d i a n s e c t o r i s c o n s i d e r e d . 

The t w o - d i m e n s i o n a l e n e r g y e q u a t i o n in t h i s c y l i n d r i c a l g e o m e t r y ( s e e F i g . 13) 
i s h a n d l e d a s fo l lows : 

"l^rod8(l^out • ^In) 

ST r o d 

dz 
• k r o d i ( D o u t 

5 T -I 2 N rod D? ) in ' Sz z+Az 

Az ST 
'^rod-^in 2 3 

r o d 

D4 

Az ^T^od 
•'^rod-'-^out 2 5 r 

i n 
Dout, 

0. (17) 

F o r the n u m e r i c a l m e t h o d u s e d h e r e , r e l a x a t i o n , t h i s i s a p p r o x i m a t e d a s 

( D ^ t - l^in) ATrod 
Az z+Az 

(Dout - Din) ATrod 

Az 

AT 
+ Do^^t^z ^ r 

r o d 

D o u t 

ATrod 
i l l ^ j . 

D 
= 0. (18) 

i n 

T h i s e q u a t i o n i s so lved for e a c h z , r l o c a t i o n t h r o u g h o u t the g r i d . F o r the 
a n a l y s i s done h e r e , t h i s g r i d w a s 450 e l e m e n t s long in the a x i a l d i r e c t i o n z, 
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e a c h e l e m e n t r e p r e s e n t i n g a d i s t a n c e of 0 . 0 0 5 in . T h e g r i d w a s e i g h t e l e m e n t s 
w i d e w i t h e a c h e l e m e n t h a v i n g t h e s a m e c r o s s - s e c t i o n a l a r e a . I t w a s f o u n d 
t h a t t h i s g r i d s t r u c t u r e , w h e r e e a c h e l e m e n t h a d e q u a l m a s s , s p e e d e d t h e c o n ­
v e r g e n c e . D e t a i l s of t h e n u m e r i c a l m e t h o d a r e g i v e n in A p p e n d i x E . 

AZ 

Fig. 13 

Two-dimensional Model 
of Sputtering. ANL Neg. 
No. 900-75-868. 

TWO-DIMENSIONAL NODE STRUCTURE 

In o r d e r to u s e th i s m o d e l to ana lyze the s t a t i o n a r y - s p u t t e r i n g - f r o n t 
data obta ined h e r e , the s i m u l t a n e o u s so lu t ion of the t e m p e r a t u r e f ield wi th in 
the rod and the l iquid fi lm m u s t be obtained. It h a s a l r e a d y been po in ted out 
that the h e a t - t r a n s f e r coeff icient he is a function of the dependen t v a r i a b l e s . 
B e c a u s e he is the key to the s p u t t e r i n g p r o b l e m and b e c a u s e he v a r i e s by two 
o r d e r s of magn i tude for s o m e flow condi t ions n e a r a s p u t t e r i n g f ront , the 
e n t i r e next c h a p t e r is devoted to a d i s c u s s i o n of it. 
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V. SPUTTERING PHENOMENA 

Consider a device, i l lus t ra ted in Fig. 14, capable of sustaining a sta­
t ionary sputter ing front. Let the event be examined as a th ree - reg ion phe­
nomenon as show^n in the figure: 

1. A quiescent falling film zone extending up from the nucleate 
boiling zone. 

2. A short nucleate boiling zone immediately above the sputtering 
front. 

3. A dry adiabatic zone extending down from the sputtering front. 

WATER INTRODUCED 
4T TOP 

^ 

^ - -FLOW DISTRIBUTING 
SCREEN 

-SOLID COPPER 
TEST SECTION 

REGION 1 
HEAT TRANSFER BY 
FORCED CONVECTION 
AND CONDENSATION 

,REGION 2 
CLEATE BOILING 

Fig. 14 

Three Heat-transfer Regions. 
ANL Neg. No. 900-75-869. 

HEATER ASSEMBLY 

This chapter will p resen t numerous hea t - t r ans fe r cor re la t ions from 
the l i t e ra tu re . Those cor re la t ions most applicable to sputtering will be s e ­
lected, and a method will be proposed for calculating the hea t - t r ans fe r coeffi­
cient throughout a sputter ing front. This method is based upon the p r emise 
that sputtering is a nucleate-boil ing p r o c e s s and that the front cor responds 
to a CHF phenomena. This chapter will be concluded with an example of how 
to use this method of linking the var ious hea t - t r ans fe r cor re la t ions together. 

If we begin at some location far enough above the sputtering front such 
that the t e m p e r a t u r e of the rod and the liquid a re unaffected by the sputter ing, 
the different modes of heat t ransfe r a r e : 
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Region 1 

1. Hea t t r a n s f e r f rom the rod to the fal l ing fi lm by nonboi l ing f o r c e d 
convec t ion . 

2. Heat t r a n s f e r f r om the a r g o n - s t e a m a t m o s p h e r e i n s i d e the hood 
to the fal l ing fi lm by condensa t i on . Th i s hea t flux i s c o n s i d e r e d to be a con ­
s t an t and i s e v a l u a t e d in Appendix D. 

Region 2 

F o r c e d - c o n v e c t i o n boi l ing o c c u r s in Region 2. L o c a l cond i t i ons d e t e r ­
mine if t h i s boi l ing i s s a t u r a t e d o r subcoo led . The c r i t e r i o n u s e d for d e t e r ­
min ing the beginning of Region 2 is the l oca t ion of inc ip ien t boi l ing. 

Region 3 

T h i s r e g i o n can be c o n s i d e r e d to be a d i a b a t i c . F o r the p r e s e n t s i t u a ­
t ion , hea t f luxes due to r a d i a t i o n and convec t ion a r e s m a l l ( l e s s than 1% of 
Region 2) and can be i gno red . The beginning of Region 3 is the l oca t i on of the 
C H F point on the rod s u r f a c e . 

A. F a l l i n g - f i l m Heat T r a n s f e r 

F a l l i n g - f i l m hea t t r a n s f e r i s c o m m o n in i n d u s t r y , and the l i t e r a t u r e 
con ta ins m a n y r e f e r e n c e s to th i s mode.^' '^'^^'^°'5' ' ' ' '° The h e a t - t r a n s f e r coeff i­
c ient be tween the rod and the fi lm i s g e n e r a l l y c o n s i d e r e d to be r e l a t e d to the 
flow r e g i m e as c h a r a c t e r i z e d by the Reynolds n u m b e r . F o r fa l l ing f i l m s , the 
Reynolds n u m b e r i s defined as* 

_ i n e r t i a l f o r c e s '^Pfiq^liq^ 
R e = - ^ = 2̂ ^ . / , Q \ 

v i s c o u s f o r c e s | j , , . y-y/ 

Since the v i s c o s i t y of w a t e r i s a s t r o n g funct ion of t e m p e r a t u r e , ^ ^ the 
Reynolds n u m b e r m u s t be eva lua ted for a spec i f ic t e m p e r a t u r e . Two o t h e r 
d i m e n s i o n l e s s g roups r e l a t e d to hea t t r a n s f e r a r e the P r a n d t l n u m b e r and 
the N u s s e l t n u m b e r : 

p _ k i n e m a t i c v i s c o s i t y _ *^liq 
t h e r m a l diffusivity " a-,- (20) 

a n d 

Nu = t e m p e r a t u r e g r a d i e n t at wal l ^c^ 
r e f e r e n c e t e m p e r a t u r e g r a d i e n t ^ 1<T~ ' (^ l) 

" hq 



It can be shown by d i m e n s i o n a l a n a l y s i s t h a t t h e s e . t h r e e g r o u p s can be r e l a t e d 
to e a c h o t h e r wi thout r e g a r d to flow r e g i m e as 
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Nu = F ( R e . P r ) . (22) 

F o r fa l l ing l iqu id f i l m s , the r e p o r t e d r e l a t i o n s h i p s be tween t h e s e 
t h r e e g r o u p s v a r y by a f ac to r of two depend ing upon the Reyno lds n u m b e r . 
Th i s d i s c r e p a n c y i s a r e s u l t of the diff icul ty in defining the flow r e g i m e . The 
a p p e a r a n c e of w a v e s o r r i p p l e s on the f r ee s u r f a c e e n h a n c e s the h e a t t r a n s f e r 
before a t r a n s i t i o n to t u r b u l e n t flow o c c u r s . T h e r e f o r e in the t r a n s i t i o n f r o m 
l a m i n a r to t u r b u l e n t flow, the a p p e a r a n c e of w a v e s expands the h e a t - t r a n s f e r 
p r o b l e m . If t he flow r e g i m e w e r e l a m i n a r , a m o m e n t u m b a l a n c e could be u s e d 
to r e l a t e the flow r a t e to the f i lm t h i c k n e s s : 

5 = (23) 

The d a s h e d l i n e s and r i g h t o r d i n a t e s of F i g s . 15 and 16 show the l a m i n a r f i lm 
t h i c k n e s s a s a funct ion of T. If the flow r e g i m e w e r e t u r b u l e n t , the f i lm th ick­
n e s s would be l e s s s i n c e the v e l o c i t y p ro f i l e i s f l a t t e r . 

BAYS,McflDflMS,DREW 

MODIFIED NUSSELT 

CHUN-SEBAN 

MODIFIED NUSSELT 

500 1000 1500 
GflMMfl - LBm/HR/FT GflMMfl 

1000 

LBm/HR/FT 

2000 3000 
REYNOLDS NUMBER 

2000 3000 1000 
REYNOLDS NUMBER 

Fig. 15. Falling-film Heat Transfer for Water at 
100°F. ANL Neg. No. 900-75-870 Rev. 1. 

Fig. 16. Falling-film Heat Transfer for Water at 
150°F. ANL Neg. No. 900-75-871 Rev. 1. 
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T h e s e d i f f e r e n c e s in flow r e g i m e s for the s a m e a p p a r e n t cond i t i ons 
have led to the wide r a n g e of r e p o r t e d h e a t - t r a n s f e r coe f f i c i en t s . F i g u r e s 15 
and 16 c o m p a r e t h r e e c o r r e l a t i o n s for w a t e r at 100 and 150°F. The o r i g i n a l 
N u s s e l t co r r e l a t i on^^ was modif ied by Wilke^'' to inc lude a wavy l a m i n a r and 
t r a n s i t i o n r eg ion . W i l k e ' s da t a , ob ta ined on the ou t s ide of a b r a s s rod , w e r e 
c o r r e l a t e d with the following e q u a t i o n s : 

h c 6 
Nu = 1.88 = ——; Re < 2 4 6 0 P r - ° - ^ M l a m i n a r flow), (24) 

/ R \^^^^ 
Nu = 0 . 0 6 4 l ( ^ j Pr"-^ ' '^ 2460Pr-°-6 ' '^ fi Re < i600 (wavy l a m i n a r ) , (25) 

/ R e \ 6 / 5 
Nu = 0.001 1 2 ( — J Pr°-^^^; 1600 s Re < 3200 ( t r a n s i t i o n r e g i o n ) , (26) 

a n d 

14/15 

_Sj Pr"-^'^^ Re 2 3200 ( t u r b u l e n t ) . (27) 

C o r r e l a t i o n s by Chun and Seban '^ and by Bays et al.'* a r e shown in 
F i g s . 15 and 16 to i nd ica t e the r a n g e of r e p o r t e d c o r r e l a t i o n s . The Wilke 
c o r r e l a t i o n s a r e u sed in Region 1, a l though t h e r e i s no p r e f e r e n c e to specify 
that one. If an e r r o r band of 50% w e r e u sed , a l l of the c o r r e l a t i o n s a p p e a r 
equa l ly good. 

B. Inc ip ient Boil ing 

The c r i t e r i o n u s e d to define the beginning of Region 2 i s the loca t ion 
of inc ip ien t boil ing. It can be seen in F ig . 2 tha t inc ip ien t boi l ing i s defined 
by the m i n i m u m s u r f a c e t e m p e r a t u r e needed to p r o d u c e n u c l e a t e boi l ing. F o r 
w a t e r at a t m o s p h e r i c p r e s s u r e , th i s t e m p e r a t u r e i s a p p r o x i m a t e l y 10°F g r e a t e r 
than the s a t u r a t i o n t e m p e r a t u r e . Most t h e o r i e s of nuc l ea t e boi l ing a s s u m e 
that nuc lea t ion s t a r t s at f avored s i t e s on the h e a t e r s u r f a c e . T h e s e f avored 
s i t e s a r e m i c r o s c o p i c p i t s , s c r a t c h e s , i r r e g u l a r i t i e s , and c a v i t i e s which a r e 
not comple t e ly wetted.'"* If vapor i s t r a p p e d in s ide t h e s e c a v i t i e s , t he v a p o r 
expands as the wal l t e m p e r a t u r e i n c r e a s e s . ^ * The p r e s s u r e i n s ide the bubble 
i s h ighe r than the a m b i e n t p r e s s u r e due to s u r f a c e t e n s i o n f o r c e s and. h e n c e , 
for the bubble to expand, the wal l and ad jacen t l iquid m u s t be s u p e r h e a t e d 
r e l a t i v e to a m b i e n t p r e s s u r e . This is shown s c h e m a t i c a l l y in F ig . 17 w h e r e 
the depth of a s u p e r h e a t e d l a y e r i s r e l a t e d to the t e m p e r a t u r e g r a d i e n t for a 
spec i f ic cavi ty s i ze . Th i s l iquid t e m p e r a t u r e g r a d i e n t in t u r n c o r r e s p o n d s to 
the inc ip ien t hea t flux cPi^^^p. T h i s p h y s i c a l d e s c r i p t i o n of i nc ip i en t hea t flux 
h a s led to the following c o r r e l a t i o n , which wil l be u s e d h e r e : ^ 

^ i n c i p = 15.6P^-'^^ e x p [ 2 . 3 / p ° - ° " ' ' ^ A T ^ ) ] . (28) 
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Fig. 17. Superposition and Bubble Nucleation. 
ANL Neg. No. 900-75-872. 

A n e x a m p l e of t h e i t e r a t i v e m e t h o d 
r e q u i r e d f o r t h e s o l u t i o n of F q . 28 
i s g i v e n a t t h e e n d of t h i s c h a p t e r . 

C . R e g i o n 2 - - N u c l e a t e B o i l i n g 

R e g i o n 2 i s d e f i n e d t o e x i s t 
f r o m t h e l o c a t i o n of i n c i p i e n t b o i l i n g 
t o t h e l o c a t i o n w h e r e t h e h e a t f l u x 
e q u a l s t h e l o c a l C H F . G e n e r a l l y f o r 
w a t e r a t a t m o s p h e r i c p r e s s u r e t h e s e 
s u r f a c e t e m p e r a t u r e s r a n g e f r o m 10 
t o 6 0 - 9 0 ° F a b o v e s a t u r a t i o n . ° S i n c e 
t h e p r e s e n t s i t u a t i o n i s f o r f l o w b o i l i n g , 
t h e m e t h o d of s u p e r p o s i t i o n w i l l b e u s e d 
( s e e F i g . 17) . 

F o r c e d - c o n v e c t i o n n u c l e a t e -
b o i l i n g h e a t f l u x h a s b e e n c o n s i d e r e d t o 
b e t h e s u m of t h e p o o l - b o i l i n g h e a t f l ux 
a n d t h e f o r c e d - c o n v e c t i o n h e a t f lux:^^ 

^ f c , b = ^ f c + ^ p b - (29) 

T h i s w a s l a t e r m o d i f e d by B e r g l e s ' t o 
p r o v i d e a c u r v e f o r a s m o o t h t r a n s i t i o n 
f r o m f o r c e d - c o n v e c t i o n n o n b o i l i n g t o 
f o r c e d - c o n v e c t i o n b o i l i n g ( s e e F i g . 17 ) : 

^fc,b = ^fc V + 
^ b i 

n 2 ^ i / 2 

to pby 
(30) 

T h e s u p e r p o s i t i o n m e t h o d of E q . 30 i s u s e d i n R e g i o n 2 w h e r e cp£j, = 

l^c I f a l l i n g f i l m ( T w a l l " T u q ) , cpp^ i s t h e p o o l b o i l i n g h e a t f l u x , a n d cpbi i s t h e 
b o i l i n g h e a t f l u x a t ATx ib-

N u m e r o u s c o r r e l a t i o n s a r e a v a i l a b l e i n t h e l i t e r a t u r e f o r e s t i m a t i n g 
p o o l - b o i l i n g h e a t f i u x e s . ^ ' ^ ^ ' " ' ^ ^ ' " ' ^ ^ ' " ' ^ ^ ' ^ ^ ' ^ ^ ' ^ ^ T h e c o n t r o l l i n g p a r a m e t e r i n 
n u c l e a t e - b o i l i n g h e a t t r a n s f e r h a s g e n e r a l l y b e e n a c c e p t e d a s AT^^ = (Tg^^j. -
T s a t ^ - ^ T y p i c a l l y , b o i l i n g - h e a t - t r a n s f e r c o r r e l a t i o n s a r e of t h e f o r m 

9 p b CAT n (31) 

w h e r e t h e v a l u e s of C v a r y f r o m s y s t e m t o s y s t e m a n d t h e e x p o n e n t n i s i n 
t h e r a n g e f r o m 2 t o 8. T h e R o s h e n o w ^ ^ a n d Levy^^ c o r r e l a t i o n s a r e of t h i s t y p e 
a n d a r e , r e s p e c t i v e l y , 
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CP pb liq 
g(Pliq - Pvap)^,^3 

gc^ 
(32) 

a n d 

tP p b 
'^liq^liqpfiq 1 

'^Tsat(Pl iq - Pvap^PL . 
1 -I-

^ T s u b ^ l i q 

f̂g 
AT' (33) 

E x p e r i m e n t a l da ta f rom a wide 
v a r i e t y of s u r f a c e m a t e r i a l s , 
t e s t f lu ids , t e m p e r a t u r e s , and 
p r e s s u r e s have been c o r r e l a t e d 
with t h e s e two r e l a t i o n s . F o r 
the p a r t i c u l a r c a s e of w a t e r at 
a t m o s p h e r i c p r e s s u r e , t h e s e 
two c o r r e l a t i o n s give a l m o s t 
equa l r e s u l t s ( s ee F ig . 18). 
[Equa t i ons 32 and 33 a r e b a s e d 
upon the s a m e p h y s i c a l d e s c r i p ­
t ion of boi l ing , n a m e l y , the hea t 
flux is due to bubble nuc lea t ion , 
and i s p r o p o r t i o n a l to the l iquid 
ag i t a t ion due to bubb les being 
f o r m e d at the s u r f a c e and s u b ­
sequen t ly d e p a r t i n g or co l l aps ing . 
In Eq. 32, Csf i s an e m p i r i c a l co ­
efficient for v a r i o u s f luids and 
s u r f a c e s . The t e r m P L O^ ^ * 1 - 33 
c o r r e s p o n d s to the t e r m Csf of 
Eq. 32; P L i s an e m p i r i c a l func­
t ion of p-ĵ - and h£ ; the sugges t ed 
funct ional r e l a t i o n of BL(D2^J^Q , h£„) 
does r e a s o n a b l y w e l l for m u c h of 
the r e p o r t e d boi l ing da ta . Unfor ­
tuna t e ly , for w a t e r at a t m o s p h e r i c 
p r e s s u r e the s u g g e s t e d va lue of 
P L a-nd the va lue of B L n e e d e d to 
m a k e Eq. 33 a c c u r a t e l y p r e d i c t 

the e x p e r i m e n t a l da ta differ by a fac tor of t h r e e . T h u s , for the c a l c u l a t i o n s 
shown in F ig . 18, the s u g g e s t e d va lue of p ^ h a s been d e c r e a s e d by a f ac to r 
of t h r e e . ] 

Fig. 18. Pool-boiling Correlations. ANLNeg. No. 900-75-873. 

Two c o r r e l a t i o n s in F ig . 18 which a r e for w a t e r at a t m o s p h e r i c p r e s ­
s u r e a r e 
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V pb 0 . l 6 P r ^ / 3 ( ^ J ' \ A T x . (Tsat - Tliq)]^^^(iy'^ 

-I- 2.39 • lO^Pr"^-^ ^liq" 
^ T x + ( T 3 ^ t - Tiiq)/ciiqAT^ 

2 - , 

gc^ 
gPliq 

^fg 
(34) 

Equation 34 successfully cor re la ted pool-boiling data obtained with a centri­
fuge for acce lera t ions from 1 to 100 g:̂ ^ 

^pb < ^ . ^ ' - ^ - x ( 2iiA^ 
'liq 

(35) 

where 

dP 
AP = ^ AT x 

(dP/dT is es t imated by the Clapeyron equation), 

cii pii (nQ?)i/^Tsat,^ 
A = AP, 

(hfgPvap) 

and for water Cj = 0 .007 ." 

Two pool-boiling cor re la t ions specifically for water at a tmospher ic 
p r e s s u r e which a re shovs^n in Fig. 18 a re those of McAdams'*^ and Cichelli,^^ 
respect ively, 

cppb = 0.074AT^-8^ (36) 

and 

CP pb 42AT^-^^. (37) 

It has been pos tu la ted" that the high heat fluxes obtained with boiling 
are a resu l t of the intense agitation of the liquid layer at the surface. This 
agitation is caused by the growth and collapse or depar ture of bubbles at the 
surface. The pumping action of the bubbles mechanical ly moves the super ­
heated water adjacent to the surface away and rep laces it w^ith cooler water . 
It has been observed^^ that subcooling does affect this pumping action. In­
c reased liquid subcooling i nc rea se s the frequency at which bubbles nucleate 
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at the s u r f a c e . Th i s in i t se l f would i n c r e a s e the hea t t r a n s f e r ; h o w e v e r , the 
i n c r e a s e d subcool ing a l s o affects the a v e r a g e bubble s i z e at d e p a r t u r e , which 
d e c r e a s e s wi th subcool ing . The net r e s u l t is only a s m a l l i n c r e a s e in h e a t 
flux with i n c r e a s e d subcool ing . The c o r r e l a t i o n s of Levy (Eq. 33) and of 
Judd and Merte^^ (Eq. 34) c o n s i d e r the subcool ing e f fec t s , which a r e u s u a l l y 
l e s s than 15% of the poo l -bo i l ing hea t flux. 

Ano the r c u r v e of F ig . 18 shows a c o r r e l a t i o n for the da ta ob ta ined by 
Gaer tner .^^ T h e s e da ta w e r e obta ined for a t e m p e r a t u r e - c o n t r o l l e d s u r f a c e 
of w a t e r at a t m o s p h e r i c p r e s s u r e up to and inc lud ing the C H F point. The e x ­
p r e s s i o n for poo l -bo i l ing hea t flux r e c o m m e n d e d by G a e r t n e r is 

cppb = 0.0012AT^-5 for ATx ^ 35°F (38) 

and 

cppb = 35000AT^-^ for A T x > 3 5 ° F . (39) 

As can be s een f rom F ig . 18, t h e r e i s c o n s i d e r a b l e s c a t t e r in the p o o l -
boiling hea t flux. (Gaertner^'* and Kurihara"*" u sed the s a m e e x p e r i m e n t a l a p ­
p a r a t u s , and t h e i r da ta di f fered by a f ac to r of 2.5. A p p a r e n t l y even e x p e r i ­
m e n t a l t e c h n i q u e s can affect the data . Howeve r , wi th in a given s e t of da ta the 
t r e n d s a r e c o n s i s t e n t , the da ta r e p r o d u c i b l e , and the c o r r e l a t i o n s a c c u r a t e . ) 
Since a l a r g e v a r i e t y of s u r f a c e - l i q u i d c o m b i n a t i o n s have been c o r r e l a t e d by 
the Rohsenow m o d e l , Eq. 32, th i s type of e x p r e s s i o n i s m o r e e a s i l y a c c e p t e d . 
Vachon^^ ex tended the o r i g i n a l Rohsenow pool -bo i l ing c o r r e l a t i o n to e n c o m p a s s 
a w ide r r ange of s u r f a c e - l i q u i d combina t i ons and s u r f a c e p r e p a r a t i o n s . A l e a s t -
s q u a r e s fit w a s u sed to c o r r e l a t e the da ta , in which the exponent of the P r a n d t l 
n u m b e r w a s r e l a t e d to s u r f a c e c l e a n l i n e s s and the exponent of the e x c e s s t e m ­
p e r a t u r e w a s r e l a t e d to the s u r f a c e r o u g h n e s s . Vachon r e p o r t e d tha t , for a 
smoo th c o p p e r - w a t e r combina t ion , the e x c e s s t e m p e r a t u r e exponent r a n g e d 
f rom 4 to 8: 

cPpb = 0.184AT^-i* (4 /0 e m e r y su r f ace po l i sh ) ; (40) 

tPpb = 4.022 • lO-^AT^-" (2 /0 e m e r y s u r f a c e po l i sh ) ; (41) 

^pb " 1-2586 • lO-^ATJ;.-^^ (3 /0 e m e r y s u r f a c e po l i sh ) . (42) 

Equa t ion 41 wi l l be u s e d h e r e b e c a u s e it i s be l i eved tha t the c o p p e r - r o d s u r f a c e 
is bes t d e s c r i b e d by those condi t ions . C a l c u l a t i o n s with Eqs . 40 and 42 a r e 
shown in Ch. VI for c o m p a r i s o n . 

The r e a s o n for us ing the Vachon exponen t s and c o n s t a n t s i s tha t t h e s e 
v a l u e s a r e spec i f i ca l ly for w a t e r boil ing on coppe r at a t m o s p h e r i c p r e s s u r e . 
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The o r i g i n a l R o h s e n o w exponen t , 3, i s for a wide r a n g e of f luids and h e a t e r 
m a t e r i a l s . Vachon h a s p u b l i s h e d r e c o m m e n d e d s u r f a c e - l i q u i d coef f ic ien t s and 
e x p o n e n t s for m a n y d i f f e ren t c o m b i n a t i o n s . If t h e s e c a l c u l a t i o n s w e r e to be 
done wi th a d i f f e ren t c o m b i n a t i o n of m a t e r i a l s , o the r v a l u e s could be u sed . 
In t h i s m a n n e r , the g e n e r a l n a t u r e of Eq. 32 i s m a i n t a i n e d . Equa t ion 30 c a n 
now be u s e d to d e t e r m i n e the boi l ing h e a t flux, w h e r e the f o r c e d - c o n v e c t i o n 
h e a t flux i s (h^ | fai i ing f i l m ) ( T r o d " T U Q ) and the poo l -bo i l i ng hea t flux i s d e ­
t e r m i n e d by Eq. 4 1 . The ef fec ts of subcoo l ing a r e s m a l l e r t han the u n c e r t a i n t y 
in the n u c l e a t e - b o i l i n g h e a t flux and h e n c e can be i gno red . 

D. A p p r o a c h to C H F 

E x t r a p o l a t i n g the R o h s e n o w c o r r e l a t i o n , Eq. 32, to C H F would y i e ld 
u n r e a s o n a b l y h igh h e a t f luxes at m e a s u r e d C H F s u r f a c e t e m p e r a t u r e s . The 
n u c l e a t e - b o i l i n g h e a t flux h a s been o b s e r v e d to be a s m o o t h l y con t inuous p r o ­
c e s s at C H F b e c a u s e of c o m p e t i n g p h y s i c a l p r o c e s s e s at the h e a t e d s u r f a c e . ^' ® 
I n c r e a s i n g the n u c l e a t e - b o i l i n g s u r f a c e t e m p e r a t u r e i n c r e a s e s both the n u m b e r 
of n u c l e a t i o n s i t e s and b u b b l e - d e p a r t u r e f r equency . G a e r t n e r o b s e r v e d tha t , 
as the C H F w^as a p p r o a c h e d , con t inuous c o l u m n s of v a p o r e m a n a t e d f r o m n u ­
c l ea t ion s i t e s . The m a x i m u m upw^ard flow of v a p o r wi thout inh ib i t ing the 
downward flow of l iquid o c c u r r e d at the C H F . 

At h i g h e r s u r f a c e t e m p e r a t u r e s , the l a r g e r v o l u m e s of d e p a r t i n g v a p o r 
l imi t ed the do^wnw^ard flow of w a t e r . A m e a n s m u s t be found to c o m p l e t e the 
boil ing c u r v e up to t ha t point . It w^as shov/n tha t G a e r t n e r c o r r e l a t e d h i s da ta 
(see F i g . 18) a s tw^o s t r a i g h t l i n e s on a l o g - l o g plot wi th a change in s lope at 
a p p r o x i m a t e l y 0.5 C H F . T h i s i s a s i m p l e c o r r e l a t i o n and does not s a t i s fy the 
c r i t e r i o n of the C H F being a r e l a t i v e m a x i m u m . A m e a n s of c a l c u l a t i n g the 
boil ing h e a t flux a s a funct ion of s u r f a c e t e m p e r a t u r e -which s a t i s f i e s the fol ­
lowing c o n s t r a i n t s i s d e s i r a b l e : 

1. The c a l c u l a t e d h e a t flux m u s t equa l the h e a t flux a s c a l c u l a t e d by 
Eq. 30 at s o m e i n t e r m e d i a t e point . The l oca t i on of t h i s po in t i s a r b i t r a r y . 
F o r the w o r k done h e r e , a va lue of 0.6 C H F i s u sed . C a l c u l a t i o n s wi th a va lue 
of 0.4 C H F , 0.6 C H F , and 0.8 C H F a r e c o m p a r e d in Ch. VI. 

2. The c a l c u l a t e d h e a t flux m u s t equa l the C H F when the s u r f a c e 
t e m p e r a t u r e e q u a l s the t e m p e r a t u r e n e e d e d to p r o d u c e a C H F p h e n o m e n a . 

3. The s l ope of the c a l c u l a t e d h e a t flux at C H F is z e r o , t h a t i s , the 
c u r v e h a s a r e l a t i v e m a x i m u m at CHF.^^'^^ 

T h e s e t h r e e c o n s t r a i n t s d e t e r m i n e a p a r a b o l a : 

T h i s a p p r o x i m a t i o n i s u s e d f r o m 0.6 C H F to C H F ; the b o u n d a r y cond i t i ons 
which d e t e r m i n e the c o n s t a n t s A, B, and C a r e e v a l u a t e d at l o c a l cond i t i ons . 
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E . T h e C r i t i c a l H e a t F l u x 

T h e l o c a t i o n of t h e C H F on t h e b o i l i n g m a p c a n b e found b y d e t e r m i n i n g 
i t s c o o r d i n a t e s , ATx a n d cp^j^p. U n l i k e t h e c a s e w i t h p o o l b o i l i n g , t h e i n f l u e n c e 
of v e l o c i t y a n d s u b c o o l i n g a r e s i g n i f i c a n t , a n d w i l l b e c o n s i d e r e d . *'*' '*^' '*3'^^'^^ 
P r e s s u r e i s a l s o a s i g n i f i c a n t f a c t o r , bu t s i n c e a l l t h e d a t a t a k e n h e r e a r e a t 
1 a t m , i t w i l l n o t be d i s c u s s e d . ( I n c r e a s e d p r e s s u r e i n c r e a s e s t h e C H F . F o r 
w a t e r , t h e C H F i n c r e a s e s u p t o 1200 p s i a a n d t h e n d e c r e a s e s w i t h p r e s s u r e . 
T h e F L E C H T t e s t s w e r e c o n d u c t e d a t v a r i o u s p r e s s u r e s u p to 300 p s i a , w h e r e 
i n c r e a s e d r e w e t t i n g v e l o c i t i e s w e r e o b s e r v e d w i t h i n c r e a s e d p r e s s u r e s . ) 
G e n e r a l i z e d C H F c o r r e l a t i o n s d o e x i s t , ^ '^^ b u t , a s w i t h p o o l - b o i l i n g c o r r e l a ­
t i o n s , a w i d e r a n g e of v a l u e s c a n be c a l c u l a t e d . O n e s u c h c o r r e l a t i o n i s t h e 
s u p e r p o s i t i o n a p p r o a c h by Levy:^"* 

9 C H F ^ C H F , p b + ^ s u b + ^ f c ' (44) 

w h e r e 

^ C H F . p b = 0 -131h fgDvap 
<^ggc(Pliq - P v a p 

,-,1/4 

(45) 

^ s u b = 0 - ^ 9 6 ( k i i q P i i q C i i q l l / 2 
g ( P l i , P )• 

v a p ' 

-.1/4 

t̂ g< 

^ g g c ( ° l i q - ° v a p ) 

r ap 

1/8 

A T g ^ b - (46) 

a n d 

9 fc = 0.023 
' ^ l i q / G D X / ^ ^ 

D ^liq-

l i q ,0 .33 

(T 
^ s u r 

T l i q ) - (47) 

A n o t h e r s u p e r p o s i t i o n a p p r o a c h w a s s u g g e s t e d b y C h a n g , ^ ' in w h i c h t h e 
C H F w a s t h e s u m m a t i o n of t h e s e n s i b l e h e a t t r a n s p o r t b y l i q u i d c o n v e c t i o n 
a n d t h e l a t e n t h e a t t r a n s p o r t b y t h e b u b b l e s . T h e s u p e r p o s i t i o n a p p r o a c h of 
E q . 4 4 w i l l b e u s e d h e r e ; h o w e v e r , o t h e r C H F c o r r e l a t i o n s w i l l be p r e s e n t e d 
f o r t h e s a k e of c o m p a r i s o n . 

G u n t h e r ^ " c o n d u c t e d a p h o t o g r a p h i c s t u d y of f o r c e d - c o n v e c t i o n b o i l i n g 
f r o m 1 a t m to 164 p s i a . T h e C H F d a t a f o r w a t e r w e r e c o r r e l a t e d a s 

c p c H F = ^OOO^liqATg^b- (48) 

T h i s p r o d u c t - t y p e c o r r e l a t i o n w a s l i m i t e d to t h e r a n g e of 5 < H ^ < 40 fps 
a n d 22 < A T s u b < 282°F. On t h e b a s i s of h i s d a t a , G u n t h e r p r o p o s e d t h e fol ­
l o w i n g r u l e of t h u m b fo r f o r c e d - c o n v e c t i o n w a t e r : 
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^ C H F ^ ^ ^ _ ^ (49) 

l i q l i q 

Kuta te ladze^^ e x a m i n e d pool boi l ing of w a t e r at 1 a t m and r e p o r t e d the ef fec ts 
of l iquid subcoo l ing on the C H F m a g n i t u d e w^ith the fol lowing r e l a t i o n : 

cPcHF = 504000 + MOOATg^b- (50) 

Vle i t and Leppert^^ m e a s u r e d the C H F of f o r c e d convec t ion w a t e r at 1 a t m in 
0 . 1 0 5 - i n . - I D tube . They r e c o m m e n d e d a s u p e r p o s i t i o n type of c o r r e l a t i o n : 

cpcHF = 504000 + 86400u^. + 1400ATg^b- (51) 

A g e n e r a l C H F r e l a t i o n b a s e d upon the p h y s i c a l p r o p e r t i e s of the fluid w h e r e 
the subcoo l ing effect i s i nc luded by a s u p e r p o s i t i o n m e t h o d is^^ 

cpcHF = 0. l6hfgpi /2^ga(pi iq - P^^^h'^'U + P A T g ^ g . (52) 

w h e r e 

P - 0.1 

D \ 0 . 7 5 

^liq \ ^l iq 
Pvap/ ^fg 

H o w e v e r , to u s e the s u p e r p o s i t i o n m e t h o d of Levy , a f o r c e d - c o n v e c t i o n t e r m 
m u s t be added to Eq. 52. T h u s a c o m p l e t e e x p r e s s i o n for C H F i s 

^ C H F = t ^ C H F (Eq. 52)] + [h^JEqs. 2 4 - 2 7 ( T s u r " T u q ) ] . (53) 

The C H F da t a of Vl ie t and L e p p e r t can be s u c c e s s f u l l y c o r r e l a t e d w i t h E q . 53. 
Hence , Eq. 53 i s a g e n e r a l c o r r e l a t i o n b a s e d upon p h y s i c a l p r o p e r t i e s , ye t it 
i s a c c u r a t e for -water at a t m o s p h e r i c p r e s s u r e . Equa t i on 53 w^ill be u s e d h e r e 
for t h i s r e a s o n . 

C o r r e l a t i o n s such a s E q s . 4 4 - 5 3 , wh ich r e l a t e C H F to flow c o n d i t i o n s , 
a r e i n d e p e n d e n t of ATx b e c a u s e the C H F i s a h y d r a u l i c l i m i t a t i o n . B e r e n s o n 
r e p o r t e d tha t s u r f a c e cond i t i ons af fec ted the s u r f a c e t e m p e r a t u r e but not the 
h e a t flux a t bu rnou t . C o r r o s i o n i n c r e a s e s the s u r f a c e t e m p e r a t u r e for a 
given h e a t flux du r ing n u c l e a t e bo i l ing and a t the CHF.^^ Gaertner^** and Stock^^ 
r e p o r t e d ATx a t the C H F for a t m o s p h e r i c w a t e r to be 79 and 43°F, r e s p e c t i v e l y . 
Both s e t s of da t a w e r e t a k e n f r o m f r e s h l y p o l i s h e d s u r f a c e s . J e n s and Lottes^^ 
c o r r e l a t e d the s u r f a c e t e m p e r a t u r e at C H F for w a t e r f r o m 100 to 2500 p s i a a s 

ATxICHF = 60 
"^CHF 

10^ 

1/4 

"̂p W- (5^) 

file:///0.75
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T h i s e x p r e s s i o n w a s modif ied by Weatherhead^^'^^ to inc lude da t a to 60 p s i a a s 

U/4 

A T x I c H F = (0 -18 • 10^)(500 - 0 . 7 0 7 T g a t ) l O 
[ 10^ 

(55) 

F o r the ca l cu l a t ion done h e r e , Eqs . 53 and 55 wil l be u sed to d e t e r m i n e the 
loca t ion of the C H F point . 

F . Sample C a l c u l a t i o n 

The p u r p o s e of t h i s c h a p t e r h a s been to p r o p o s e a m e t h o d for obta in ing 
the h e a t - t r a n s f e r coeff icient in a s p u t t e r i n g front. N u m e r o u s c o r r e l a t i o n s 

have been d i s c u s s e d w h e r e the 
h e a t - t r a n s f e r coeff ic ient o r the 
hea t flux is a function of flow con­
d i t ions . F i g u r e 19 shows the r e ­
su l t s of l inking t h e s e c o r r e l a t i o n s 
t o g e t h e r a c c o r d i n g to the p r o c e d u r e 
a l r e a d y d e s c r i b e d . Th i s p r o c e d u r e 
i s a log ica l m e t hod for jo ining 
Reg ions 1, 2, and 3 to f o r m th i s 
c u r v e , which i s the s a m e as the 
c u r v e in F ig . 2 up to the C H F point. 
P r o b a b l y the b e s t way to s u m m a r i z e 
t h i s c h a p t e r i s to i l l u s t r a t e t h i s p r o ­
c e d u r e wi th an e x a m p l e . 

E x a m p l e 

C o n s i d e r s p u t t e r i n g unde r 
the following flow c o n d i t i o n s : 

10 

NCIPIENT 
BOILING 

- I I I 1 _ _ 1 _ 

5 10 

EXCESS TEMPERATURE, 
50 

r 

Tliq 

^ s a t 

968 I b r ^ / h r - f t ; 

17 3°F; 

2i rF . 

Fig. 19. Subcooled Forced-convection Boiling Heat Flux 
up to CHF. ANL Neg. No. 900-75-874. 

F o r t h i s e x a m p l e , t h e w a t e r t e m ­
p e r a t u r e w i l l be a s s u m e d t o b e 
c o n s t a n t . A c t u a l l y , t h e w a t e r t e m ­

p e r a t u r e i n c r e a s e s a n d t h e c a l c u l a t i o n s s h o u l d be d o n e f o r l o c a l c o n d i t i o n s . 
H o w e v e r , t o l e t t h e w a t e r t e m p e r a t u r e i n c r e a s e w o u l d m a k e t h e s e c a l c u l a t i o n s 
m u c h m o r e l e n g t h y a n d no t i l l u s t r a t e t h e m e t h o d a n y m o r e c l e a r l y . L e t t h e 
h e a t - t r a n s f e r c o e f f i c i e n t be d e f i n e d a s 

t o t a l h e a t f lux 
t o t a l t e m p e r a t u r e d i f f e r e n c e (56) 
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Step 1 

In Region 1, the hea t - t r ans fe r coefficient can be determined from 
Eqs. 24-27. F igure 18 shows calculations for 150°F water , which is lower than 
in the p re sen t case . The value at 173°F is about 2000 Btu/hr-ft^-°F. 

Step 2 

Region 1 ends when the surface t empera tu re r eaches the incipient-
boiling t empera tu r e . The incipient heat flux can be es t imated from Eq. 28, 
which reduces to 

Vincip = 337AT^-i^ (57) 

To find the incipient-boiling t empera tu re , an i terat ive solution is r e ­
quired. If we guess that ATx,bi = 15°F, then cpi^^ip = 118,000 Btu/hr-ft^. 
Since the actual heat flux at this t empera tu re is less than the incipient-boiling 
heat flux {cp£̂  = hcAT = (2000 Btu/hr-ft2-°F)[(211 + 15 - 173)°F] = 106,000 Btu/ 
hr-ft^}, 15°F is too high. A guess that ATx,bi = 14°F reduces cpincip ^° 
104,000 Btu/hr-ft^ and cpincip = Vfc so that ATx^bi ^^^ been found. Therefore , 
Region 2 s t a r t s when the surface t empera tu re is 225°F (211 + 14°F). 

Step 3 

The th i rd step is to find the CHF, which is done by using the principle 
of superposit ion and the genera l pool-boiling CHF of Collier. For water at 
a tmospher ic p r e s s u r e , Eq. 52 reduces to 

^CHF,pb = (113.25 + 3.85ATsub). (58) 

and the total CHF i s , by superposit ion, 

^CHF = 'PCHF,pb + l^clfalling f i W ' ^ s u r " Tuq). (59) 

To solve th is , Tgur must be known, which is obtained from Eq. 55, which at 
14.3 psia reduces to 

,T, = a^j^T. (60) 
\ 10^ / 

Again an i te ra t ive p r o c e s s is requi red , and the r e su l t s a re ATx = 62.6°F and 
'PCHF ^ 973,000 Btu/hr-ft^. 

Step 4 

The superposi t ion method, Eq. 30, is used to de te rmine the heat flux 
in Region 2 up to the point where cp = 0.6 ^CHF- l^ using the superposi t ion 
method, the heat flux due to forced convection is de termined as 
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Vfc " (hc|falling film)(ATtotal)' 

and the pool-boiling component is determined as from Eq. 41. 

Step 5 

When the heat flux is 0.6 CHF, the parabola approximation is begun. 
In this example, this occurs when Tgur = 245. TF. If the parabola is of the 
form of Eq. 43, the following equations must be satisfied: 

0.6 cpcHF = AAT ĵ + BATx̂  + C; ( 6 l a ) 

cpCHF = AAT^^ + BATx^ + C ; (6lb) 

0 = 2AATx, + B, (61c) 

where 

a n d 

ATxj = (Tgur - Tsat)lo.6CHF 

ATx2 - (Tgur - Tsat)|CHF-

Upon solving for A, B, and C, Eq. 42 is used up to CHF. At this point, the 
heat-transfer coefficient is assumed zero and the curve is completed. 

The present chapter has dealt with the details of calculating the heat-
transfer coefficient through a sputtering front. When the sputtering is con­
sidered as being composed of three regions, heat-transfer correlations based 
upon local conditions could be linked together to form a continuous heat-
transfer-coefficient curve. These three regions are: 

Region 1: a quiescent falling film, Eqs. 24-27; 

Region 1-2 interface: incipient boiling, Eq. 28; 

Region 2A: forced-convection boiling by superposition, Eq. 30; 

Region 2B: approach to CHF by parabola approximation, Eq. 43; 

Region 2-3 interface: CHF, Eq. 44; 

Region 3: adiabatic, ĥ , - 0. 

Such a method is necessary since no single heat-transfer-coefficient 
correlation covers the entire boiling map. Several heat-transfer coefficients 
for each region were presented, and a recommended one for each region was 
chosen. 
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VI. E X P E R I M E N T A L DATA AND COMPARISON WITH ANALYSIS 

The l a s t c h a p t e r a d d r e s s e d the p r o b l e m of c a l c u l a t i n g the h e a t -
t r a n s f e r coef f ic ien t t h r o u g h a s p u t t e r i n g f ron t and a m e t h o d w a s p r o p o s e d 
for doing t h i s b a s e d upon l o c a l cond i t ions a long the so l id s u r f a c e . The only 
a s s u m p t i o n s in the d e v e l o p m e n t of t h i s m e t h o d w e r e : (1) the s p u t t e r i n g f ron t 
c o r r e s p o n d s to a C H F p h e n o m e n a , and (2) the s u r f a c e be low the s p u t t e r i n g 
f ront is a d i a b a t i c . Th i s c h a p t e r wi l l p r e s e n t e x p e r i m e n t a l ev idence p r o v i n g 
the v a l i d i t y of t h e s e two a s s u m p t i o n s . In the d e v e l o p m e n t of t h i s m e t h o d , an 
a r b i t r a r y c o n s t a n t e x i s t e d tha t c o r r e s p o n d s to the point on the bo i l ing m a p 
w h e r e the R o h s e n o w c o r r e l a t i o n t e r m i n a t e d and the p a r a b o l a a p p r o x i m a t i o n 
began . S e n s i t i v i t y s t u d i e s showing the effect of v a r i o u s v a l u e s for t h i s con ­
s tan t as w e l l a s t h r e e d i f fe ren t p o o l - b o i l i n g c o r r e l a t i o n s wi l l be p r e s e n t e d . 
E x p e r i m e n t a l and c a l c u l a t e d t e m p e r a t u r e p r o f i l e s for five t e s t c a s e s show­
ing the e x t r e m e s of the da ta wi l l be shown in d e t a i l . F i n a l l y , by m e a n s of a 
c o o r d i n a t e t r a n s f o r m a t i o n , r e p o r t e d s p u t t e r i n g da ta for a m o v i n g f ront wi l l 
be p r e d i c t e d by u s ing a s imp l i f i ed v e r s i o n of the h e a t - t r a n s f e r - c o e f f i c i e n t 
c u r v e . 

A. S p u t t e r i n g - f r o n t T e m p e r a t u r e 

One of the m a j o r o b j e c t i v e s of t h i s s tudy w a s to e s t i m a t e the 
s p u t t e r i n g - f r o n t t e m p e r a t u r e . 
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Fig. 20. Least-squares Correlation forRuns 7A 
and 7B. ANL Neg. No. 900-75-875. 

In e i t h e r a s t a t i o n a r y or m o v i n g s p u t t e r i n g 
f ront , t h i s is the s u r f a c e t e m p e r a t u r e a t t he 
l o w e s t w e t t e d pos i t i on . In o the r w o r d s , it 
is the h i g h e s t s u r f a c e t e m p e r a t u r e a t wh ich 
the rod is s t i l l we t . It w a s shown in Ch. II 
t ha t t h i s t e m p e r a t u r e h a s b e e n m e a s u r e d 
o r e s t i m a t e d f r o m as low a s 280°F (138°C) 
to a s high a s 500°F (260°C) for w a t e r at 
a t m o s p h e r i c p r e s s u r e . S u r f a c e t e m p e r a ­
t u r e s of 280°F g e n e r a l l y c o r r e s p o n d to C H F , 
w h e r e a s 500°F i s m o r e c h a r a c t e r i s t i c of 
f i lm bo i l ing . As shown in Ch. V, a knowledge 
of the s p u t t e r i n g t e m p e r a t u r e i s n e c e s s a r y 
for p r e d i c t i n g the h e a t - t r a n s f e r coef f ic ien t . 
At s u r f a c e t e m p e r a t u r e s l e s s t h a n the s p u t ­
t e r i n g t e m p e r a t u r e , the s u r f a c e is we t and 
the s u r f a c e h e a t flux c a n be l a r g e . F r o m an 
e x a m i n a t i o n of the o n e - d i m e n s i o n a l e n e r g y 
equa t ion , Eq . 13, a s ign i f i can t s u r f a c e h e a t 
flux w i l l c a u s e a c h a n g e in the a x i a l t e m ­
p e r a t u r e g r a d i e n t . T h e r e f o r e , t he s p u t t e r i n g 
t e m p e r a t u r e can be e s t i m a t e d by e x a m i n i n g 
the t e m p e r a t u r e p r o f i l e s and d e t e r m i n i n g 
the l o w e s t t e m p e r a t u r e at wh ich the g r a d i e n t 
beg ins to change ( see F i g . 20). 
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A p r o b l e m in us ing th i s m e t h o d is the p o s s i b l e e x i s t e n c e of a s ign i f i ­
can t s u r f a c e h e a t flux in the d r y zone . T h e r e a r e two p o s s i b l e h e a t - t r a n s f e r 
m e c h a n i s m s h e r e : r a d i a t i o n and convec t ion . F o r the da ta ob ta ined h e r e , the 
d r y zone was s h o r t , u s u a l l y about l / 4 in. (0.64 c m ) , and the m e a s u r e d peak 
t e m p e r a t u r e w a s l e s s than 600°F (315°C). In t h i s t e m p e r a t u r e r a n g e , r a d i a ­
t ion can be neg l ec t ed . The convec t ion h e a t flux would be at m o s t of the o r d e r 
of 6000 B t u / h r - f t ^ (1.89 W/cm^) . Again , by u s e of the o n e - d i m e n s i o n a l e n e r g y 
equa t ion th i s hea t flux can be s e e n to have only an ins ign i f i can t effect (<1%) 
on the t e m p e r a t u r e g r a d i e n t . Such an a n a l y s i s shows a c o n s t a n t t e m p e r a t u r e 
g r a d i e n t can be p h y s i c a l l y ju s t i f i ed only in the d r y zone . 

The t e m p e r a t u r e g r a d i e n t in the d r y zone was ob ta ined by fi t t ing a 
s t r a i g h t l ine t h rough the data in a l e a s t - s q u a r e s s e n s e ; the so l id l i n e s of 
F ig . 20 a r e the f i t ted l i n e s . In spec t ion of a l l of the t e m p e r a t u r e p r o f i l e s 
showed tha t at t e m p e r a t u r e s g r e a t e r than 300°F (149°C) a l l the da ta a p p e a r e d 
a s s t r a i g h t l i n e s . T h e r e f o r e , a 300°F cutoff point was s e l e c t e d when c o r r e ­
la t ing the data to avoid a t t e m p t i n g to c o r r e l a t e a s t r a i g h t l ine t h r o u g h a c u r v e . 
The s t a n d a r d e r r o r and 95% conf idence bounds (dashed l i n e s of F i g . 2 0 ) w e r e 
a l s o c a l c u l a t e d . F o r the data ob ta ined h e r e , the e x p e r i m e n t a l s p u t t e r i n g -
front t e m p e r a t u r e is defined a s that t e m p e r a t u r e at which the da ta begin to 
dev ia t e f r o m the f i t ted s t r a i g h t l i ne . Th i s c o r r e s p o n d s to the h i g h e s t t e m ­
p e r a t u r e at which a s igni f icant hea t flux is o b s e r v e d and the l o w e s t we t t ed 
pos i t ion of the rod . Table I l i s t s the e x p e r i m e n t a l s p u t t e r i n g t e m p e r a t u r e , 
95% confidence band, c o r r e l a t i o n coeff ic ient (an exp l ana t i on of t h e s e s t a t i s t i ­
c a l t e r m s is given in Appendix F ) , and c a l c u l a t e d s p u t t e r i n g t e m p e r a t u r e for 
a l l the data ob ta ined h e r e . 

TABLE I. C o m p a r i s o n of E x p e r i m e n t a l and C a l c u l a t e d 
Spu t t e r i ng T e m p e r a t u r e s 

R u n 

N o . 

1 

2 

3 
4 

5 
6 
7 A 

7 B 
8 A 

8 B 

9 
10 
11 

12 

13 

14 
15 

16 

•'• s p u t 
E x p e r i m e n t a l , 

° F 

367 

lbs 
Z74 

Z67 
250 

259 
260 

258 
2 1 5 

2 4 5 

260 

295 
240 

285 

250 

280 

305 

290 

95% 
Confidence 

B a n d . " F 

±6 

±6 

± 3 9 
± 2 6 
±11 
± 1 2 
± 3 3 
± 1 4 
± 3 2 

± 1 8 
± 1 4 
± 3 8 
± 1 4 
i 2 5 
± 2 0 

± 2 5 
+ 42 
-' 18 

Correlat ion 
Coeff ic ient 

0.999 
0.997 
0.982 
0.975 
0.993 
0.999 
0.970 
0.992 
0.986 
0.984 
0.986 
0.970 
0.988 
0.988 
0.9b7 
0.984 
0.957 
0.972 

Tsput 
Calculated. 

' F 

2 7 2 
2 7 4 
2 7 2 

2 7 8 

2 7 8 
2 7 7 

2 7 7 
2 7 7 

2 8 0 

2 8 0 

2 7 8 

2 7 7 
2 8 7 
2 8 4 
2 8 2 
2 8 1 
2 8 5 
2 8 3 
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5 290 

T h e s e r e s u l t s a r e shown g r a p h i c a l l y in F i g . 21, w h e r e the v e r t i c a l 
b a r s r e p r e s e n t the 95% conf idence bounds of the s p u t t e r i n g t e m p e r a t u r e and 

the h o r i z o n t a l b a r s r e p r e s e n t the e x ­
p e r i m e n t a l u n c e r t a i n t y . It can be 
s e e n in F i g . 21 tha t the m e a s u r e d 
s p u t t e r i n g t e m p e r a t u r e is in good 
a g r e e m e n t wi th the J e n s - L o t t e s c o r ­
r e l a t i o n . The c o r r e l a t i o n shown in 
F ig . 21 is a p p r o x i m a t e b e c a u s e ATx 
is a funct ion of CHF which i s , in t u r n , 
a funct ion of subcoo l ing and flow r a t e . 
H o w e v e r , ATx is a w e a k funct ion 
( 1 / 4 p o w e r ) of C H F , and the e s t i m a t e 
in t h i s f igu re i s wi th in 20°F (11°C). 
If the s p u t t e r i n g f ront co inc ided wi th 
f i lm bo i l ing , the t e m p e r a t u r e would 
be the m i n i m u m t e m p e r a t u r e for 
s t ab l e f i lm bo i l ing . T h e s e t e m p e r a ­
t u r e s have been e s t i m a t e d a t 380°F 

(190°C) and 450°F (232°C) for w a t e r at a t m o s p h e r i c p r e s s u r e . ^ ' ^ ^ E v e n if one 
c o n s i d e r s the u n c e r t a i n t y in the C H F c o r r e l a t i o n and the e x p e r i m e n t a l u n c e r ­
t a in ty , t e m p e r a t u r e s c o r r e s p o n d i n g to s t a b l e f i lm boi l ing cannot be ju s t i f i ed . 
F u r t h e r e x p e r i m e n t a l ev idence tha t the s p u t t e r i n g f ront c o r r e s p o n d s to a C H F 
p h e n o m e n o n i s tha t t h e s e da ta a r e r e p r o d u c i b l e , a s shown in F igs . 20 and F . l . 

60 80 100 
SUBCOOLING, °F 

160 

Fig. 21. Comparison of Measured Sputtering-front 
Temperatures and Jens-Lottes Correlation. 
ANL Neg. No. 900-75-876. 

A p h y s i c a l a r g u m e n t t ha t the s p u t t e r i n g f ront c o r r e s p o n d s to a C H F 
phenomenon i s a s fo l lows : The fa l l ing l iquid f i lm is d i s p l a c e d f r o m the s u r ­
face by a l a t e r a l f o r c e . The only s o u r c e of such a f o r c e is n u c l e a t i o n , which 
r e a c h e s a m a x i m u m a t C H F . Once the fa l l ing l iquid f i lm h a s b e e n d i s p l a c e d 
f rom the s u r f a c e , it d o e s not r e t u r n s ince the only f o r c e ac t ing on the l iquid 
is g r a v i t y . T h e s e f a c t s - - ( 1 ) the m i n i m u m t e m p e r a t u r e for s t ab l e f i lm bo i l ing 
is beyond the r a n g e of e x p e r i r a e n t a l u n c e r t a i n t y , (2) the da ta a r e r e p r o d u c i b l e , 
and (3) the max imiom l a t e r a l f o r c e e x i s t s a t C H F - - j u s t i f y the a s s u m p t i o n in 
the l a s t c h a p t e r t ha t the s p u t t e r i n g f ront c o r r e s p o n d s to a C H F p h e n o m e n o n . 

B. C o m p a r i s o n of E x p e r i m e n t a l Data and C a l c u l a t i o n s 

Al l the s t a t i o n a r y - s p u t t e r i n g - f r o n t da ta ob ta ined h e r e is l i s t e d in 
Appendix B. T h e s e da ta w e r e t a k e n for w a t e r subcoo l ings v a r y i n g f r o m 40 to 
140°F and flow r a t e s v a r y i n g f r o m 350 to 1600 lbj_^/hr-f t . T h e s e r a n g e s a r e 
d i s p l a y e d g r a p h i c a l l y in F i g . 22, w h e r e the v e r t i c a l and h o r i z o n t a l l i n e s t h r o u g h 
the po in t s r e p r e s e n t the e x p e r i m e n t a l u n c e r t a i n t y in flow r a t e and subcoo l ing , 
r e s p e c t i v e l y . A l a c k of da ta for the c o m b i n a t i o n of high subcoo l ing and h igh 
flow r a t e s can be s e e n in the f i g u r e . The r e a s o n for t h i s i s t ha t a s t a t i o n a r y 
s p u t t e r i n g could not be m a i n t a i n e d d u r i n g t h e s e flow c o n d i t i o n s . The h e a t -
r e m o v a l r a t e of such a s p u t t e r i n g f ron t w a s g r e a t e r than the m a x i m u m e l e c ­
t r i c a l p o w e r tha t could be supp l i ed to the t e s t s e c t i o n . 
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A t w o - d i m e n s i o n a l nonl inear 
mode l of a s t a t i o n a r y s p u t t e r i n g front 
w a s deve loped to a n a l y z e the da ta o b ­
t a ined h e r e . This m o d e l was deve loped 
in Ch. IV, the m e t h o d of ob ta in ing the 
h e a t - t r a n s f e r coef f ic ien t was p r e s e n t e d 
in Ch. V, and the d e t a i l s of the n u m e r ­
i ca l m e t h o d a r e shown in Appendix E. 
T h r e e in i t i a l cond i t ions a t s o m e point 
above the s p u t t e r i n g front a r e required 
for t h e s e c a l c u l a t i o n s : (1) the rod t e m ­
p e r a t u r e , (2) the rod t e m p e r a t u r e g r a ­
d ient , and (3) the w a t e r t e m p e r a t u r e . 
Two o the r p a r a m e t e r s - - w a t e r flow 
r a t e and c o n d e n s a t i o n hea t f l u x - - a r e 
a l s o r e q u i r e d and w e r e a s s u m e d to be 
c o n s t a n t a long the l eng th of the rod . 
All of t h e s e v a l u e s w e r e ob ta ined f r o m 
the da ta and u s e d in the c a l c u l a t i o n s . 
The experinr^ental t e m p e r a t u r e p ro f i l e s 
a r e c o m p a r e d to the c a l c u l a t e d t e m ­

p e r a t u r e p ro f i l e s for both su r f ace and c e n t e r l i n e in F i g s . 23-27 for five t e s t 
c a s e s . In t h e s e f i g u r e s , da ta w e r e t aken for t h r e e d i f fe ren t s t epp ing i n t e r v a l s : 
0.020, 0.050, and 0.100 in. (0 .05, 0 .127, and 0.254 c m ) , and the c a l c u l a t e d 
spu t t e r i ng front ( locat ion of CHF) is i nd ica t ed by a d o u b l e - e n d e d a r r o w . The 
r e a s o n tha t da ta in F i g s . 24 and 25 a p p e a r to be t r u n c a t e d is tha t m o s t of the 

• • 

• • * 

25 50 75 100 

SUBCOOLING, "F 

125 150 175 

Fig. 22. Range of Experimental Data. 
ANL Neg. No. 900-5484. 

HEIGHT INCHES 

Fig. 23. CalcuLitcd and Measured Temperature Profiles for Run 3, ANL Neg. No. 900-75-878. 
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Fig. 24. Calculated and Measured Temperature Profiles for Run 5. ANL Neg. No. 900-75-879. 
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Fig. 25. Calculated and Measured Temperature Profiles for Run 6. ANL Neg. No. 900-75-880. 
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Fig. 26. Calculated and Measured Temperature Profiles for Run 10. ANL Neg. No. 900-75-881. 
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Fig. 27. Calculated and Measured Temperature Profiles for Run 11. ANL Neg. No. 900-75-882. 
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h e a t t r a n s f e r t a k e s p l a c e wi th in l / 2 in. (1.27 c m ) of the s p u t t e r i n g f ront . 
R e c o r d i n g of s u r f a c e t e m p e r a t u r e s w e r e t e r m i n a t e d when it w a s b e l i e v e d 
tha t m o s t of the s ign i f i can t da t a had a l r e a d y b e e n r e c o r d e d . T e m p e r a t u r e 
p r o f i l e s for t h e s e five t e s t c a s e s can be s e e n in g r e a t e r d e t a i l in F i g s . 2 8 - 3 2 . 

RUN 3 

TWO DIMENSIONAL EFFECTS 

IN THE HEATED ROD AT 

THE SPUTTERING FRONT 

Fig. 28. Two-dimensional Temperature Profiles for Run 3. ANL Neg. No. 900-75-883. 

0.4 0.5 0.6 0.7 
POSITION INCHES 

Fig. 29. Two-dimensional Temperature Profiles for Run 5. ANL Neg. No. 900-75-884. 
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Fig. 30. Two-dimensional Temperature Profiles for Run 6. 
ANL Neg. No. 900-75-885. 

RUN 10 

TWO DIMENSIONAL EFFECTS 

IN THE HERTED ROD RT 

THE SPUTTERING FRONT 

POSITION INCHES 

Fig. 31. Two-dimensional Temperature Profiles for Run 10. 
ANL Neg. No. 900-75-886. 
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Fig. 32. Two-dimensional Temperature Profiles for Run 11. ANL Neg. No. 900-75-887. 

The c a l c u l a t e d s p u t t e r i n g f ron t is i nd i ca t ed by a v e r t i c a l a r r o w ; the c a l c u l a t e d 
t e m p e r a t u r e p r o f i l e s for e ight d i f fe ren t r a d i a l l o c a t i o n s a r e shown for the rod 
n e a r the s p u t t e r i n g f ront . T w o - d i m e n s i o n a l effects a r e even m o r e ev iden t 
f r om F i g s . 3 3 - 3 7 , wh ich d e t a i l the a x i a l t e m p e r a t u r e g r a d i e n t for the e ight 
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Fig. 33. Two-dimensional Temperature Gradients for Run 3. ANL Neg. No. 900-75-8 
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Fig. 34. Two-dimensional Temperature Gradients for Run 5. ANL Neg. No. 900-75-889. 
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Fig. 35. Two-dimensional Temperature Gradients for Run 6. ANL Neg. No. 900-75-890. 
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Fig. 36. Two-dimensional Temperature Gradients for Run 10. ANL Neg. No. 900-75-891. 
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Fig. 37. Two-dimensional Temperature Gradients for Run 11. ANL Neg. No. 900-75-892. 
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r a d i a l l oca t i ons of F ig . 13 n e a r the s p u t t e r i n g front for the s a m e five c a s e s . 
The c a l c u l a t e d s u r f a c e t e m p e r a t u r e g r a d i e n t h a s a s h a r p change in s lope a t 
the s p u t t e r i n g f ront . The r e a s o n for th i s is tha t on the wet s ide of the s p u t ­
t e r i n g front the hea t flux is a p p r o x i m a t e l y the CHF, w h e r e a s on the d r y s ide 
the s u r f a c e is a d i a b a t i c . The c a l c u l a t e d s p u t t e r i n g f ront does not e x a c t l y 
co inc ide with the s h a r p change in the g r a d i e n t b e c a u s e of a s i m p l i f i c a t i o n in 
the n u m e r i c a l m e t h o d , which wi l l be exp la ined be low. 

F o r a l l c a l c u l a t i o n s the h e a t - t r a n s f e r coeff ic ient was b a s e d upon loca l 
cond i t i ons . F i g u r e s 38-42 show the h e a t - t r a n s f e r coef f ic ien t a s c a l c u l a t e d 
with the p r o c e d u r e shown in the e x a m p l e of the l a s t c h a p t e r for e a c h of five 
t e s t c a s e s shown p r e v i o u s l y . The shaded r eg ion r e p r e s e n t s the a v e r a g e h e a t -
t r a n s f e r coeff ic ient be tween T^ncip ^^^ Tgput- At the w e t - d r y i n t e r f a c e the 
h e a t - t r a n s f e r coeff ic ient should d r o p to z e r o a b r u p t l y , and the c u r v e s show 
an i n t e r m e d i a t e va lue is r e a c h e d be fo re z e r o . Th i s is b e c a u s e the f in i t e -
e l e m e n t t echn ique of cons t an t p r o p e r t i e s wi thin a node h a s b e e n r e l a x e d at 
t h i s bounda ry . 

C o n s i d e r the following e x a m p l e in which the s p u t t e r i n g t e m p e r a t u r e 
is 280°F and the t e m p e r a t u r e of the s u r f a c e nodes a r e : 

Tnode 1 = 278°F; 

Tnode 2 = ^82°F; 

200 220 240 260 280 

SURFACE TEMPERATURE, °F 

300 200 220 240 260 280 
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300 

Fig. 38. Hcat-transfcr Coefficient as a Func­
tion of Surface Temperature for Run 3. 
ANL Neg. No. 900-75-893. 

Fig. 39. Heat-transfer Coefficient as a Func­
tion of .Surface TemnprAtiirp fnr Run F, 
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Fig. 40. Heat-transfer Coefficient as a Func­
tion of Surface Temperature for Run 6. 
ANL Neg. No. 900-75-895. 
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Fig. 41. Heat-transfer Coefficient as a Func­
tion of Surface Temperature forRun 10. 
ANL Neg. No. 900-75-896. 

Fig. 42 

Heat-transfer Coefficient as a Func­
tion of Surface Temperature for Run 11. 
ANL Neg. No. 900-75-897. 
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E v e n though the t e m p e r a t u r e of node 2 was g r e a t e r than T s p u t ' ^ n o n z e r o 
h e a t - t r a n s f e r coeff ic ient was a s s i g n e d to t h i s node b a s e d on l i n e a r i n t e r p o l a t i o n : 

^c I node 2 " ^c I node 1 (-^ 
sput node 1 

- T node 2 node ly 
(62) 

This a p p r o x i m a t i o n e l i m i n a t e s the r e q u i r e m e n t tha t the s p u t t e r i n g front l i e s 
on a node b o u n d a r y and c a u s e d the loca t ion of the c a l c u l a t e d s p u t t e r i n g front 
in F i g s . 33-37 to not l ie p r e c i s e l y on the s h a r p change in a x i a l s u r f a c e t e m ­
p e r a t u r e g r ad i en t . F o r a l l of t h e s e f i g u r e s the s p u t t e r i n g f ront w a s c o n s i d e r e d 
to be the f i r s t node at which the h e a t - t r a n s f e r coef f ic ien t was z e r o . 

The t e m p e r a t u r e g r a d i e n t s in the d r y zone can be d i r e c t l y r e l a t e d to 
the h e a t - r e m o v a l r a t e of a s p u t t e r i n g front . H e n c e , a c o m p a r i s o n of the m e a ­
s u r e d and c a l c u l a t e d d r y - z o n e t e m p e r a t u r e g r a d i e n t s is a m e a s u r e of the 
o v e r a l l goodness of the m o d e l ( see Table II). A s i m p l e e n e r g y b a l a n c e in 
which z e r o net vapor r e l e a s e is a s s u m e d was u s e d in c a l c u l a t i n g the w a t e r 
t e m p e r a t u r e r i s e in p a s s i n g t h rough a s p u t t e r i n g f ront ( see Tab le II). C a l c u ­
la t ed e s t i m a t e s of ne t vapor re leased^^ have shown tha t the f r a c t i o n of t h e r ­
m a l e n e r g y tha t can be a s s o c i a t e d with vapo r r e l e a s e d is n e g l i g i b l e . Al though 
nuc lea t e boi l ing , and hence vapo r p r o d u c t i o n , a r e ev iden t n e a r the s p u t t e r i n g 
front , m o s t of the bubbles condense in the fal l ing l iquid f i lm. F i g u r e 43 g r a p h ­
i ca l ly s u m m a r i z e s the c o m p a r i s o n of da ta and c a l c u l a t i o n s ; m o s t of the data 
l ie wi thin ±20% of the c a l c u l a t e d v a l u e s . When one c o n s i d e r s the a c c u r a c y of 
m o s t h e a t - t r a n s f e r c o r r e l a t i o n s (~±25%) th i s e n g i n e e r i n g a p p r o a c h h a s r e s u l t e d 
in v e r y good a g r e e m e n t with the da ta . 

TABLE 11. C o m p a r i s o n of M e a s u r e d anci C a l c u l a t e d 
D r y - z o n e T e m p e r a t u r e G r a d i e n t s 

Run 
No. 

1 

Z 

3 
4 

5 

6 

7 A 

7 B 

8 A 

8 B 

9 
10 

n 
12 

13 
14 
15 
16 

M e a s u r e d ^ 

dT^od 
d z d r y 

7 6 4 

5 J 0 

bll 

8 J 3 

7 6 0 

8 9 4 
8 4 3 

9 1 0 

931 

9Z7 

87Z 

9 4 3 

1045 
1089 

9 1 0 

1 169 
102 i 

6 9 2 

C a l c u l a t e d ^ 

d T . o d 

d z d ry 

b81 

b l 2 

578 

7 3 2 

7 2 2 

b 8 9 
7 0 4 

7 0 4 

8 0 0 

8 0 0 

731 

7 0 2 

1018 
9 0 0 

8 9 8 

8 4 0 

9bO 

8 9 0 

C 

T 

a l cu l a t ed 

e m p R i s e 
ATUq. 

12.4 
18 

13 

39.5 
8 . 4 

10 

14.5 
14.5 
34.7 
34.7 
12 

14 
l b 

31.0 
30.2 
38.5 
37 
37 

" F / i n . 
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Fig. 43. Calculated and Measured Temperature 
Gradients. ANL Neg. No. 900-75-898. 

C. S e n s i t i v i t y S tud ies 

In the s y n t h e s i s of a h e a t -
t r a n s f e r coeff ic ient t h roughou t a 
s p u t t e r i n g f ront , v a r i o u s h e a t -
t r a n s f e r c o r r e l a t i o n s for d i f fe ren t 
l o c a l cond i t ions w^ere c o n c a t e n a t e d 
t o g e t h e r to f o r m a con t inuous h e a t -
t r a n s f e r - c o e f f i c i e n t c u r v e f r o m 
nonboi l ing to the s p u t t e r i n g f ron t . 
In the d e v e l o p m e n t of th i s c u r v e , 
n u m e r o u s c o r r e l a t i o n s w e r e p r e ­
s e n t e d wi th a c o n s i d e r a b l e r a n g e 
in r e p o r t e d v a l u e s . The r a n g e in 
p o o l - b o i l i n g h e a t - f l u x c o r r e l a t i o n s 
is i m p o r t a n t b e c a u s e n u c l e a t e 
bo i l ing a c c o u n t s for the m a j o r 
f r a c t i o n of the t o t a l h e a t r e m o v e d 
by a s p u t t e r i n g f ront . A cho ice 
w a s m a d e to adopt the Rohsenow 
c o r r e l a t i o n b e c a u s e it is the m o s t 
w i d e l y u s e d . The coef f ic ien ts for 

the c o r r e l a t i o n a s r e c o m m e n d e d by Vachon w e r e u s e d b e c a u s e t h e y w e r e o b ­
ta ined in an u n b i a s e d l e a s t - s q u a r e s s e n s e for cond i t ions c l o s e l y a p p r o x i m a t e d 
h e r e . T h r e e d i f fe ren t pool bo i l ing h e a t - f l u x c o r r e l a t i o n s a r e shown in E q s . 40-
42, F r o m Ch. V, it can be s e e n tha t t h e s e t h r e e c o r r e l a t i o n s inc lude m o s t of 
the r a n g e of o t h e r bo i l ing c o r r e l a t i o n s . By def ining the a v e r a g e h e a t - t r a n s f e r 
coeff ic ient for a s p u t t e r i n g f ron t a s 

L C H F 
h c ( T ) d T r o d 

he -
m c i p (63) 

r^^^dTrod 
i n c i p 

the effect of v a r i o u s bo i l ing c o r r e l a t i o n s on Qto ta l ^^^ ^c c an be s e e n in 
F i g . 44. 

The i n s e n s i t i v i t y of Qto ta l ^^^ ^^ e x p l a i n e d a s fo l lows: C o n s i d e r 

Qto ta l = (hc ) (ATto ta l ) ( a rea ) . (64) 

It w a s o b s e r v e d t h a t t he c a l c u l a t e d l eng th , and h e n c e the a r e a of the n u c l e a t e -
bo i l ing z o n e , d e c r e a s e d wi th i n c r e a s i n g bo i l ing exponen t . S ince the a v e r a g e 
h e a t - t r a n s f e r coef f ic ien t i n c r e a s e d , t he ne t effect w a s f a i r l y s m a l l . When one 
c o n s i d e r s the u n c e r t a i n t y in p o o l - b o i l i n g c o r r e l a t i o n s , t h i s i n s e n s i t i v i t y i s 
e n c o u r a g i n g . 
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Fig. 44. Model Sensitivity to Pool-boiling Correlation. ANL Neg. No. 900-75-899. 

T h e t e r m i n a t i o n of t h e R o h s e n o w c o r r e l a t i o n a n d t h e b e g i n n i n g of t h e 
p a r a b o l a a p p r o x i m a t i o n w e r e s h o w n in t h e l a s t c h a p t e r t o b e a r b i t r a r y . F i g ­

u r e 45 s h o w s t h e e f f e c t of v a r i o u s 
l o c a t i o n s of t h i s j u n c t i o n o n Q t o t a l 
a n d h^, w h e r e t h e j u n c t i o n i s r e ­
f e r r e d t o a s b r e a k p o i n t . T h i s s p u t ­
t e r i n g m o d e l h a s b e e n b a s e d u p o n a n 
e n g i n e e r i n g a p p r o a c h , a n d if i t w e r e 
a s t r o n g f u n c t i o n of a p a r t i c u l a r p o o l -
b o i l i n g c o r r e l a t i o n o r a r b i t r a r y c o n ­
s t a n t , i t s u s e f u l n e s s w o u l d b e 
q u e s t i o n a b l e . 

D. S i m p l i f i e d A n a l y s i s 

T h e t w o - d i m e n s i o n a l n o n l i n e a r 
m o d e l h a s s h o w n g o o d a g r e e n n e n t w i t h 
t h e d a t a o b t a i n e d h e r e . T h e d r a w b a c k 
of t h i s m o d e l i s t h a t n u n i e r i c a l m e t l i o d s 
a r e r e q u i r e d , a n d c o n i p u t a t i o n a l f a c i l i ­
t i e s a r e e x p e n s i v e a n d n o t n e c e s s a r i l y 
a v a i l a b l e . T h e a n a l y s i s t o b e p r e s e n t e d 
h e r e i s b a s e d on t h e p h y s i c s of t h e 
p r o c e s s b u t w i t h s o m e s i m p l i f y i n g a s ­
s u m p t i o n s . T h i s a n a l y s i s r e d u c e s t o 
t h r e e s e c o n d - o r d e r l i n e a r d i f f e r e n t i a l 
e q u a t 
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Fig. 45. Model Sensitivity to Breakpoint. 
ANL Neg. No. 900-75-900. 
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1. The l iquid t e m p e r a t u r e i s c o n s t a n t . 

2. S p u t t e r i n g i s a t h r e e - r e g i o n p r o c e s s wi th e a c h r e g i o n c h a r a c t e r ­
ized by a c o n s t a n t h e a t - t r a n s f e r coef f ic ien t . 

3. The rod h a s c o n s t a n t p r o p e r t i e s . 

The g o v e r n i n g d i f f e r e n t i a l equa t ion , w h e r e p o s i t i v e z is downward , i s 

d^Tj-oH 4h 
- ^ ^ k . D . ^ ^ r o d - T u q ) - (65) 

•̂ ^ ^ rod -^ rod ^ 

The t h r e e r e g i o n s of the rod a r e def ined a s : 

Reg ion 1 

A q u i e s c e n t fa l l ing l iqu id f i lm ex tend ing f r o m -» < z < 0. The s u r ­
face t e m p e r a t u r e a t z = 0 is Tj^^^j^p. 

Reg ion 2 

The n u c l e a t e - b o i l i n g zone ex tends f r o m z = 0 to z = -L, w h e r e t i s the 
unknown l eng th of the n u c l e a t e - b o i l i n g z o n e . The t e m p e r a t u r e a t z = .t i s the 
CHF t e m p e r a t u r e . 

Reg ion 3 

Th i s r e g i o n i s a d i a b a t i c and e x t e n d s f r o m I to cxs. T h e r e a r e two 
b o u n d a r y cond i t i ons for e a c h r e g i o n : 

Reg ion 1 

B . C . 1 at z = - = : T^^^ = T^.^; (66a) 

B . C . 2 a t z = 0: T J = T. . . (66b) 

rod m c i p 
Reg ion 2 

B . C . 3 a t z = 0: T ^ ^ ^ = TincipJ (66c) 

B . C . 4 at z = 0: " £ T ^ ^ g ^ ^ ^ 1 = ^ T ^ e g i o n 2" (6^^) 

R e g i o n 3 

B . C . 5 a t z = t : T^od = T^p^^; (66e) 

B . C . 6 at z = I: - ^ T „ -, = - — T ^ -.. (66f) 
dz Reg ion 2 dz Reg ion 3 ^ ' 
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The solu t ion for Region 1 is 

T - n • T,- ^e^""""^' ^^ + Tl (67) 
T rod - vTincip " -^liq^^ ^ ^ l iq ' ^ ' 

w h e r e 

root j 
4h c fc 

^ r o d ^ r o d 

and he Ifc is d e t e r m i n e d f rom E q s . 24 -27 , and T^ncip ^^ d e t e r m i n e d f r o m Eq. 28. 

The so lu t ion for Region 2 is 

(T T . ) 
^ ^ inc ip - l iq / , , . \ f root , z) 
T^„rf = T-^—: ^ root i + roo t je^^"" ' -^ > 

J^OQ 2 r o o t 2 

+ ( roo t^ - r o o t J e ( - ^ ° ° t 2 z)_ (^gj 

w h e r e 

roo t2 
4hc 

^ r o d ^ r o d 

a n d h i s a n a v e r a g e h e a t - t r a n s f e r c o e f f i c i e n t t h a t c a n b e a s s o c i a t e d w i t h a 
s p u t t e r i n g f r o n t a s d e f i n e d in E q . 6 3 . T h e p r e v i o u s c h a p t e r d e t a i l e d a m e t h o d 
of c a l c u l a t i n g h^ t h r o u g h a s p u t t e r i n g f r o n t ; in g e n e r a l , h^, i s a c o m p l i c a t e d 
f u n c t i o n of t h e s u r f a c e t e m p e r a t u r e , t h e l i q u i d t e m p e r a t u r e , a n d t h e l i q u i d 
f low r a t e . T h e s e c a l c u l a t i o n s w o u l d b e d i f f i c u l t w i t h o u t a c o m p u t e r , * a n d 
h a v e b e e n d o n e n u m e r i c a l l y fo r a l l f low r a t e s a n d s u b c o o l i n g s of i n t e r e s t . 
T h e r e s u l t s a r e g i v e n in F i g . 4 6 . T h e h e a t - t r a n s f e r c o e f f i c i e n t s w e r e a l s o 
c a l c u l a t e d fo r R e g i o n 1, a n d t h e r e s u l t s a r e s h o w n in t h e s a m e f i g u r e . T h e 
m a x i m u m s u r f a c e t e m p e r a t u r e fo r R e g i o n 2 i s T g u r , C H F ^ ^ ^ ^^ found i t e r a -
t i v e l y w i t h E q s . 53 a n d 5 5 . T h e s e c a l c u l a t i o n s a r e t e d i o u s w i t h o u t a c o m ­
p u t e r , s o t h e y h a v e b e e n c a r r i e d o u t fo r a w i d e r a n g e of s u b c o o l i n g s a n d f low 
r a t e s ; t h e r e s u l t s a r e s h o w n in F i g . 4 7 . A f t e r Tg^^j. Qj. jp h a s b e e n d e t e r m i n e d , 
t h e l e n g t h t of R e g i o n Z c a n b e found i t e r a t i v e l y w i t h E q . 6 8 . T h e t e m p e r a ­
t u r e g r a d i e n t in t h e d r y z o n e , R e g i o n 3 , i s c o n s t a n t b e c a u s e t h i s r e g i o n i s 
a d i a b a t i c a n d e q u a l t o t h e g r a d i e n t a t I. T h e s o l u t i o n of E q . 68 f o r t h e g r a d i -

e n t i s 

• A useful rule of thumb was discovered in carrying out these calculations, a good guess for the average heat-
transfer coefficient is 

h, 
O.60(-HF 

Tsur.CHF ~ Tyq 

http://Qj.jp
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dz T r o d U " Cpincip -Tjiq)[root2 sinh(root2 I) + rootj cosh(root2 l)]. (69) 

The resu l t s of th is simplified analysis for al l the data obtained he re a r e 
shown in Fig. 48. Tr iang les , denoting one-dimensional r e su l t s , a r e connected 
to the corresponding two-dimensional r e s u l t s , denoted as c i r c l e s , for each 
data point. It can be seen that the one-dimensional simplified model is in 
good agreement with these data. The one-dimensional model is adequate for 
these data because two-dimensional effects do not dominate; the Biot number 
is approximately 0.6 for these data. 
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Fig. 46. Average Heat-transfer Coefficient as a Function of 
Flow Rate and Subcooling. ANL Neg. No. 900-75-901. 
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Comparison of One-dimensional Analysis, 
Two-dimensional Analysis, and Data. 
ANL Neg. No. 900-75-903. 
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E. A n a l y s i s of a Moving Spu t t e r ing F r o n t 

Good a g r e e m e n t of the s impl i f i ed o n e - d i m e n s i o n a l m o d e l and da ta has 
shown that a cons t an t h e a t - t r a n s f e r coeff ic ient and an a d i a b a t i c d r y zone a r e 
good s impl i fying a s s u m p t i o n s . To m o d e l m o v i n g - s p u t t e r i n g - f r o n t da t a , a c o ­
o rd ina t e t r a n s f o r m a t i o n is n e c e s s a r y which wil l r e d u c e the t r a n s i e n t a n a l y s i s 
to a s t e a d y - s t a t e a n a l y s i s . C o n s i d e r the o r ig in to m o v e with the s p u t t e r i n g 
front and the d r y zone as in the pos i t i ve z d i r e c t i o n . S ince m o s t r e w e t t i n g 
data'^'^''^''^"^ have been ob ta ined on s u r f a c e s for which t h e r m a l conduc t iv i t y is 
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f a i r l y low ( typ i ca l l y Biot n u m b e r s r a n g e f r o m 2 to 5''"), t w o - d i m e n s i o n a l 
ef fec ts m u s t be c o n s i d e r e d . The g o v e r n i n g t w o - d i m e n s i o n a l equa t ion for such 
a s y s t e m is 

d^ a^ ^sputPt<=t S 
- ^ ^ T t + ^ T ^ + —\ | - T t = 0. (70) 
bz ^ Sy2 ^ k t e t Sz ^̂  ^ ' 

The g o v e r n i n g d i f f e r e n t i a l equa t i on is so lved for two r e g i o n s , a w e t t e d 
r e g i o n and a d r y r e g i o n , and the so lu t i ons a r e jo ined t o g e t h e r u n d e r the con ­
s t r a i n t s t ha t (1) the a v e r a g e t e m p e r a t u r e a t the j u n c t i o n of both r e g i o n s a r e 
equal and (2) the a v e r a g e t e m p e r a t u r e g r a d i e n t of both r e g i o n s a r e equa l at 
the j unc t ion . (A c o m p l e t e d e v e l o p m e n t of t h i s m o d e l is shown in Appendix G.) 
Simpl i fying a s s u m p t i o n s u s e d in t h i s m o d e l a r e : 

1. The r e w e t t i n g v e l o c i t y is c o n s t a n t . 

2. The ef fec t ive w a t e r t e m p e r a t u r e is c o n s t a n t and e s t i m a t e d by 
s i m p l e e n e r g y b a l a n c e . 

3 . The tube is a d i a b a t i c below^ the f ront . 

4. The h e a t t r a n s f e r above the f ron t can be c h a r a c t e r i z e d wi th a 
cons tan t h e a t - t r a n s f e r coef f ic ien t . 

5. The i n s i d e s u r f a c e of the tube i s a d i a b a t i c . 

6. S ince e « D^, a r e c t a n g u l a r c o o r d i n a t e s y s t e m is a d e q u a t e . 

By i n t r o d u c i n g the d i m e n s i o n l e s s t e m p e r a t u r e and d i m e n s i o n l e s s 
s p u t t e r i n g v e l o c i t y , the g o v e r n i n g d i f f e r e n t i a l equa t ion b e c o m e s 

—pT + : ^ 2 T + U * - ^ T - 0, (71) 

w h e r e 

T - T T , „ „rr 
(72) 

(73) 

(74) 

(75) 

tThe Biot number (h^e/kt) is estimated with 9000<h^ < 14.000 Btu/hr-ft2-°F. e » 0.035 in., and 8 < kt < 14 Btu/ 
hr-ft-°F. 
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t^^sput 
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_ , - % ( T s p u t - Tjiq) ^^^^ 
•̂  l iq,eff -̂  l i q , in i t i a l fc j iq 

F o r a given va lue of u*, Eq. 71 can be so lved for a d i m e n s i o n l e s s s p u t t e r i n g 

t e m p e r a t u r e , TQ : 

^^ ^ ^ s p u t ' ^ l iq .e f f (77J 

° T<„ - Tjiq,eff 

The d i m e n s i o n l e s s s p u t t e r i n g t e m p e r a t u r e i s 

^ _ (24 + lZBi)u* , (78) 
'^° ~ (24 + 20Bi + 5Bi^)(u* + m , ) 

w h e r e 

m , 
u*^^ 24Bi + 12Bi^ , . 

"̂  24 + 20Bi + 5Bi^' ^ ' 

In g e n e r a l , the r ewe t t ing ve loc i ty is d e s i r e d and in i t i a l t e m p e r a t u r e s 
a r e known; h o w e v e r , th i s a n a l y s i s r e q u i r e s u* and y ie lds TQ • This p r o b l e m 
h a s been solved by plot t ing the c a l c u l a t e d TQ a s a funct ion of u* for v a r i o u s 
Biot n u m b e r s , a s shown in F ig . 49. S ince the effect ive l iquid t e m p e r a t u r e is 
a function of the r ewe t t ing ve loc i ty , an i t e r a t i v e so lu t ion is r e q u i r e d . The 
following p r o c e d u r e can be u sed with t h i s a n a l y s i s : 

1. Ca lcu la te the Biot n u m b e r h^e /k^ by e s t i m a t i n g h(~ f r o m F i g . 46 

for T j iq , in i t i a l and f. 

2. Ca lcu la te TQ . w h e r e Tgput ^^ e s t i m a t e d f r o m F ig . 47; for a f i r s t 
a p p r o x i m a t i o n Tj,q ^ j j = Tj,q in i t ia l -

3. D e t e r m i n e u* f rom F ig . 49. 

4. Ca lcu la te Tj^ gjr f r om Eq. 76. 

5. R e c a l c u l a t e the Biot n u m b e r . 

6. R e c a l c u l a t e TQ • 

7. Find u* f rom Fig . 49. 

8. If the new u* is s ign i f i can t ly d i f fe ren t , r e p e a t s t e p s 4-7 with 

^ * = ( " I t ep 3 + ^ s t e p 7 ) / ^ ' o t h e r w i s e s top . 

This p r o c e d u r e h a s been u sed to p r e d i c t the r e w e t t i n g v e l o c i t y a s 
m e a s u r e d by four invest igators '^ '^ ' '®' '®^ for a wide r a n g e of t e s t c o n d i t i o n s . 
Only data for unconfined g e o m e t r i e s w e r e c o m p a r e d b e c a u s e in a confined 
g e o m e t r y the f a l l i ng - l i qu id - f i lm t e m p e r a t u r e could i n c r e a s e due to c o n d e n ­
sa t ion . By r e s t r i c t i n g the data in th i s m a n n e r , the w a t e r t e m p e r a t u r e can be 
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e s t i m a t e d wi th r e a s o n a b l e a c c u r a c y . F o r a conf in ing g e o m e t r y , s t e a m would 
be p r o d u c e d be low the f ron t a s the w a t e r d r o p l e t s fa l l down the c h a n n e l , and 
th i s would t h e n c o n d e n s e on the l iquid f i lm. Th i s c o m p a r i s o n h a s b e e n t a b u ­
l a t ed in T a b l e III and d i s p l a y e d in F i g . 50, w h e r e r e a s o n a b l y good a g r e e m e n t 
o c c u r s o v e r two o r d e r s of m a g n i t u d e . 
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Calculated Results of Two-dimensional 
Moving-sputtering-front Analysis. ANL 
Neg. No. 900-75-904. 

0.1 0.2 0.3 0.4 0.5 
DIMENSIONLESS TEMPERATURE (Tx) 

100 E—I I I I i in{ 1 I I I i l l i | 1 I I I iii>{ 1 I I I ' : 

10 — 

Fig. 50 

Measured and Calculated Rewetting 
Velocity. ANLNeg. No. 900-75-905. 

o -

A DUFFEY a PORTHOUSE [l9] 
n SHIRES [61] 
• YAMANOUCI [81] 
O YOSHIOKA [82] 

J I I I m i l I I I I m i l I I I I 
I 10 100 

MEASURED u* 



72 

TABLE III. Calculated and Exper imental ly Measured 
Dimensionless Rewetting Velocities 

Ref. 

82 

82 

82 

82 

82 

82 

81 

81 

81 

81 

81 

81 

81 

81 

61 

61 

61 

61 

61 

61 

61 

61 

61 

61 

19 

19 

19 

19 

19 

°F 

932 

752 

752 

752 

752 

752 

1202 

1112 

572 

392 

1022 

932 

572 

392 

360 

490 

660 

350 

410 

650 

330 

495 

660 

950 

572 

752 

932 

1112 

1292 

Tliq, 
°F^ 

122 

70 

70 

70 

158 

158 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

68 

68 

68 

68 

68 

r, 
Ibrn/hr-ft 

2500 

5000 

362 

1327 

1200 

2600 

850 

850 

850 

850 

340 

340 

340 

340 

363 

363 

363 

725 

725 

725 

725 

725 

725 

725 

1154 

1154 

1154 

1154 

1 154 

Biot 
No. 

3.47 

3.44 

3.18 

3.21 

3.62 

3.67 

2.2 

2.2 

2.2 

2.6 

2.2 

2.2 

2.2 

2.4 

3.5 

3.5 

3.4 

3.5 

3.5 

3.5 

3.3 

3.4 

3.4 

3.4 

3.0 

3.0 

3.0 

3.0 

3.0 

T* 

0.201 

0.32 

0.32 

0.32 

0.202 

0.208 

0.194 

0.21 

0.438 

0.528 

0.23 

0.255 

0.438 

0.502 

0.5 

0.41 

0.366 

0.6 

0.55 

0.37 

0.75 

0.5 

0.87 

0.246 

0.436 

0.32 

0.25 

0.21 

^meas 

4.6 

59.4 

2.92 

10.4 

1.1 

3.46 

0.66 

0.835 

3.91 

11.7 

0.51 

0.78 

1.68 

3.52 

7.76 

3.25 

Z.Z 

14.9 

5.0 

3.2 

33.5 

8.4 

6.0 

2.2 

5.7 

3.5 

1.76 

1.45 

^cal 

0.8 

2 

1.5 

1.5 

0.85 

0.9 

0.5 

0.52 

2.1 

23 

0.6 

0.75 

2 

10 

>25 

12 

2.5 

>30 

>30 

2.5 

>bO 

>30 

2.5 

1 

5 

1.5 

0.9 

0.7 
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VII. CONCLUSIONS 

Exper imenta l evidence that the sput ter ing-front t empera tu re c o r r e ­
sponds to a CHF phenomena has been obtained. The data were analyzed in 
an unbiased l e a s t - s q u a r e s sense and showed the lowest wetted surface t em­
pera tu re to be approximately 270°F. This t empe ra tu r e closely cor responds 
to repor ted CHF surface t e m p e r a t u r e s for water , 

A two-dimensional model was proposed to descr ibe the data, and a 
good cor re la t ion between model and data has been obtained. Exper imenta l 
and calculated t empe ra tu r e profiles were compared in detail for five tes t 
cases . The m e a s u r e d total hea t - r emova l capacity of al l the data obtained 
here show reasonably good agreement with this ana lys i s . The analysis has 
shown evidence of two-dimensional effects near the sputtering front. 

The two-dimensional model is based on a continuous curve for the 
hea t - t ransfer coefficient, which is formulated from various hea t - t r ans fe r 
corre la t ions available in the l i t e r a tu re . A method has been proposed and 
i l lustrated by an example for calculating the hea t - t r ans fe r coefficient through­
out a sputtering front based upon local conditions. The hea t - t r ans fe r coeffi­
cients were of the o rder of 10,000 Btu/hr-f t^-°F, which is in var iance with 
other values repor ted here tofore . 

The inc rease in the water t empera tu re as it passes through a sput ter ­
ing front w^as measu red , and it was found that the t empera tu re r i se can be 
estimated by a s imple energy balance. Most of the the rma l energy t r ans fe r r ed 
from the rod in the cooling p rocess can be accounted for in the gain of sensible 
heat by the water . Only a negligible fraction of this energy contributes to net 
vapor r e l ea se . In genera l , the t empera tu re r i se was approximately 10-30°F 
depending upon flow ra te for these data. 

A simplified th ree - r eg ion model, in which each region is charac te r i zed 
by a constant hea t - t r ans fe r coefficient, was proposed. A simplified one-
dimensional model showed good agreement with the data because two-
dimensional effects did not dominate. Typical Biot numbers near the sput­
tering front were of the o rder of 0.6. 

A two-dimensional , two-region l inear model for moving sputtering 
fronts has been proposed and compared to repor ted rewetted data. This 
model is based upon the proposi t ions that the sputtering front is a CHF phe­
nomenon and the dry zone is adiabat ic . Reasonably good agreement was 
obtained. 
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A P P E N D I X A 

Re la t ion be tween a S t a t i o n a r y Spu t te r ing F r o n t and a Moving S p u t t e r i n g F r o n t 

Up to the p r e s e n t , s p u t t e r i n g h a s been e x a m i n e d a s it p r o g r e s s e s down 
a v e r t i c a l tube . The da ta have been p r e s e n t e d with a c c o m p a n y i n g a n a l y s e s 
which p r e d i c t the r ewe t t ing ve loc i ty . The l i t e r a t u r e con ta in s s p u t t e r m g data 
for w a t e r at v a r i o u s p r e s s u r e s , t e m p e r a t u r e s , and flow r a t e s . H o w e v e r a l l 
the data obta ined h e r e and the m o d e l to d e s c r i b e t h e s e da ta a r e for a s t a t i o n a r y 
spu t t e r ing front. In th i s appendix , a m e a n s of r e l a t i n g a moving s p u t t e r i n g 
front to a s t a t i o n a r y s p u t t e r i n g front wi l l be deve loped . The following a n a l y s i s 
i s s i m i l a r to the one u s e d by Y a m a n o u c h i wi th the excep t ion tha t t h i s is for a 
sol id rod , w h e r e a s Yamanouch i m o d e l e d a tube . 

C o n s i d e r an in i t i a l ly i s o t h e r m a l v e r t i c a l so l id rod. Le t the rod be 
cooled by a fall ing l iquid f i lm which a d v a n c e s downward at a cons t an t r a t e , 
u t- a s s u m e that at t i m e = 0. the f i lm h a s advanced to s o m e point z. A s s u m e 
t h a t ^ h e f i lm t e m p e r a t u r e r e m a i n s cons t an t , the rod h a s cons t an t p r o p e r t i e s , 
and tha t the h e a t - t r a n s f e r p r o c e s s in the we t t ed zone can be c h a r a c t e r i z e d by 
a cons tan t h e a t - t r a n s f e r coeff icient he- The r e g i o n be low the l iquid f i lm front 
i s ad i aba t i c . This nons t eady a n a l y s i s can be s imp l i f i ed by a moving c o o r d i n a t e 
s y s t e m with i t s o r ig in at the l iquid front. If t he p o s i t i v e z d i r e c t i o n is down­
w a r d , the o n e - d i m e n s i o n a l equat ion of th i s p r o c e s s is 

d^Trod UsputProdCrod d T r o d 4 h c ( T r o d - Tjig) ^ ^ ^ ^ ^ ^ 

dz^ "̂  k^od ^^ k r o d D r o d 

The following boundary condi t ions a r e a p p l i c a b l e : 

B.C. 1 at z = -oo: Tj-od = Tjiq; 

B.C. 2 at z = 0: T^od = Tgput ; 

B C. 3 at z = 0: -;- T.rod i^ smooth ly con t inuous ; 
dz 

B.C. 4 at z = oo: T^-^d - '^o^-

The c o m p l e m e n t a r y so lu t ion of Eq. A. 1 is 

T r o d = (Tsput - T i i q ) e ^ - ° ° t , z ) , 

w h e r e 

root i = 

^ s p u t P r o d ^ r o d / ^ sput Prod'- 'rod '̂̂  "̂̂ c 

kj-od krod k i -odProd 
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A particular solution is T-j.Qd = Tj^g, and the complete solution for z ̂  0 is 

Trod = Tjiq+ (Tgp^t " Tiiq)e(rootiZ). (A.2) 

Below the front, z > 0, the heat-transfer coefficient is zero, and Eq. A. 1 
becomes 

^ Trod "sputProd^rod ^Tj-od 

d z kj.Qd d z 

With boundary conditions 2 and 4, this has a solution 

T T /T T \ ( ^sputProd'^rod \ / A Q\ 
T = T^ - (T„ - Tsput)exp|^ ^ ^ ^ ^ zj . (A. 3) 

Equations A. 2 and A. 3 are joined at z = 0 to form a smoothly continu­

ous temperature profile. Therefore the derivatives at this point must be equal: 

(root l)(T,p„t - Tn,) = (T„ - T,^yjS^i^l2p2i. (A.4) 

By solving Eq. A.4 for the rew^etting velocity, we obtain 

(Tsput - Tjiq) rootjk^Q^ 

^sput = (T - T f f p ^c ^- ^^-^^ 
V-̂cB -^sput̂  Prod*^rod 

Since the sputtering front is assumed to move at a constant velocity, the heat-
removal capacity can be considered to be the sum of two components: (1) the 
energy conducted to the front by the temperature gradient immediately below 
the front, and (2) the energy removed by the cooling of the rod from Tgp^t to 

Tliq: 

Qmoving = Qconducted to front + Qcooling of rod 

V ILn2 
- ^rod A -^rod 

dTrod 

4 ^ o a ^^ 
+ 4 T)rodProdCrod(Tsput " Tjiq)usput 

0 ^ 

_ V EnZ T̂ T x^sputProd^rod 
~ ^rod4-^rod V •'•a) ~ -"-sput' j^ , 

+ ^D^odProdCrod(Tsput " Tjiq)ugput- (A.6) 

The rate of energy removal determines how fast the sputtering front moves 
do-wnward. Since the rev/etting velocity is one to tŵ o orders of magnitude less 
than the average liquid velocity, the movement of a sputtering front should not 
affect the heat-transfer process. 
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If a s t a t i o n a r y s p u t t e r i n g front w e r e m a i n t a i n e d on a so l id rod , a l l t he 

t h e r m a l e n e r g y would be conduc ted to it by a t e m p e r a t u r e g r a d i e n t i m m e d i a t e l y 

below the front: 

Q s t a t i o n a r y - k r o d 4 ^ r o d dz 
d T r o d (A. 7) 

Equat ing Q s t a t i o n a r y ^^d Qn^oving ^s a given se t of cond i t ions ( rod and fluid 
p r o p e r t i e s , flow r a t e , and t e m p e r a t u r e s ) , an equ iva len t r e w e t t i n g ve loc i t y can 
be found f r o m the t e m p e r a t u r e g r a d i e n t in a s t a t i o n a r y front: 

k r o d 
u sput - (T, 

dT 

Tj iq)ProdCrod ^^ 
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APPENDIX B 

Stat ionary-sput ter ing-front Data 
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APPENDIX C 

Es t imate of Contact T e m p e r a t u r e E r r o r 

A momenta ry depress ion of the rod surface t empe ra tu r e was caused by 
the thermocouple probe contacting the surface. The t he rma l response of the 
junction w^as analyzed as a tw^o-dimensional finite-difference model. This 
t ransient analysis showed the junction t empera tu re to recover to within 1 °F in 
100 ms (see Fig. C.l) . 

. . 240 

E 
y 220 

1 

^ 

1 1 1 1 1 1 

, 
1 SURFACE 

- t f t f t : 

^THERMOCOUPLE 
/ WIRE 

HEAT FLUX 

TJJJ_4 JUNCTION 

Mft l lM I 
RADIAL HEAT FLUX 

1 1 

"^\ 

1 

INSTANEOUS TEMPERATURE 
DEPRESSION AT 

THERMOCOUPLE JUNCTION 
INITIAL ROD TEMP - 2 5 0 °F 
HEAT F L U X - I S O K B t u / h r / f ) ^ 

— 

— 

1 1 1 

Fig. C.l 

Thermocouple Response. ANL 
Neg. No. 900-75-906. 

75 100 125 
MILLISECONDS 

An ini t ial e s t imate of this e r r o r can be obtained by considering two 
semi-infinite i so the rma l bodies of different t empera tu re s . If these two bodies 
are brought together , the interface t empera tu re is invariant in t ime, and is 
determined by the t he rma l proper t ies and initial t empe ra tu r e s : 

Tz - Tj 
T̂  - Tl 

P i C i k i (C . l ) 
• 1 - -^1 V p z C z k z ' 

For example, with the present ma te r i a l s and initial t empera tu res of 

Thermocouple: k = 34 Btu/hr - ft̂  - °F, p = 555 Vorr^j il^, 

c = 0.10 3 Btu/ lbni-°F, TQ = 100°F, 

Copper rod: k = 218 Btu/hr-f t^-°F, p = 558 lbm/f t^ 

c = 0.091 Btu / lbm-°F , TQ = 250°F. 

The interface t e m p e r a t u r e is 207°F or an e r r o r of 43°F. An e r r o r of this mag­
nitude justif ies a m o r e accura te model. 

The analysis used he re cons iders a c ross section of the rod at a given 
axial location. Only the rod m a t e r i a l near the surface is involved, so the prob­
lem is simplified by assuming a rec tangular grid (see Fig. C. l ) . The analysis 
was conducted for conditions in the boiling zone, where a radia l t empera tu re 
gradient and surface heat flux existed. The t rans ien t analysis showed the inter­
face t e m p e r a t u r e to i nc rease rapidly because of the relat ive m a s s e s of the 
m a t e r i a l and junction geometry. Since Eq. C.l does not take this into consid-

s an init ial guess . 
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A P P E N D I X D 

E s t i m a t e of the Condensa t ion Hea t F lux 

The t e m p e r a t u r e of the fall ing l iquid f i lm s o m e t i m e s i n c r e a s e s as m u c h 
as 20°F be fo re it r e a c h e s the v ic in i ty of the s p u t t e r i n g front. It w a s d e t e r m i n e d 
tha t condensa t ion f rom s t e a m ins ide the hood was the c a u s e of t h i s t e m p e r a t u r e 
r i s e . Ne i the r the a m b i e n t t e m p e r a t u r e no r the l ight ing i n t e n s i t y was suff ic ient 
to c a u s e an i n c r e a s e of th i s m a g n i t u d e . The condensa t i on hea t flux v a r i e d f r o m 
run to run b e c a u s e of d i f ferent o p e r a t i n g cond i t ions . A hea t e x c h a n g e r ( s ee 
F ig . 10) was capab le of r e m o v i n g m o s t of the s t e a m ; h o w e v e r , in s o m e t e s t s 
i t s capac i ty was insuff ic ient . 

F o u r t h e r m o c o u p l e s , 17, 7, 4. and 2 in. above the s p u t t e r i n g f ront , 
showed the t e m p e r a t u r e r i s e to be l i n e a r both be fo re and a f te r the s p u t t e r i n g 
t e m p e r a t u r e p rof i l e was m e a s u r e d . By a s s u m i n g a cons t an t c o n d e n s a t i o n heat 
flux, a s i m p l e e n e r g y b a l a n c e was u s e d to e s t i m a t e i t s m a g n i t u d e . The fol low­
ing e x a m p l e i l l u s t r a t e s th i s me thod . 

Run 14, r = 397 I b m / h r - f t 

Tf l lm. (°F) 

Before 
T e s t 

89 
96 
98 

103 

After 
T e s t 

8 8 
94 
99 

102 

P o s i t i o n 
(in. above s p u t t e r i n g front) 

17 ( inlet) 
7 
4 
1.75 

In s teady s t a t e , the s u m of e n e r g y e n t e r i n g and leav ing i s 

Z^in - Z^out = 0. 

tha t i s , 

r^^liqTin + ^con^^ ' ^^ j iqT^^^ = 0. 

Acco rd ing ly , 

^con i^z 
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A P P E N D I X E 

N u m e r i c a l M e t h o d s 

T h e o n e - d i m e n s i o n a l e n e r g y e q u a t i o n of the r o d and l iquid a r e n o n l i n e a r 
b e c a u s e of the t e m p e r a t u r e d e p e n d e n c e of the h e a t - t r a n s f e r coeff ic ient . T h e s e 
two equa t ions a r e so lved s i m u l t a n e o u s l y by the mod i f i ed E u l e r m e t h o d , and 
the so lu t ions of t h e s e e q u a t i o n s , t he t e m p e r a t u r e p r o f i l e s t h r o u g h a s p u t t e r i n g 
front, a r e u s e d in a tv i ro -d imens iona l m o d e l wh ich e m p l o y s the r e l a x a t i o n t e c h ­
nique.'^^ Both of t h e s e n u m e r i c a l m e t h o d s a r e d e s c r i b e d h e r e . 

The m o d i f i e d E u l e r m e t h o d t r u n c a t e s t h e T a y l o r s e r i e s a f t e r the s e c o n d -
d e r i v a t i v e t e r m : 

I z+Az ^ + ^ T z dz 
d' ^1 Az^ ( E . l ) 

The o n e - d i m e n s i o n a l e n e r g y equa t ion of the r o d for a s t a t i o n a r y s p u t t e r i n g 
front i s 

4 h , 

d z ^ ^ r o d = k r o d D , o d ^ ' ' " ° ^ " ^ ' ' ^ ^ ' 

where h^, = F(Tj.Qd, Tj jq , r ) , a s d i s c u s s e d in Ch. V. 

(E.2) 

Le t t h e s t e p s i z e be Az (0.000 5 in. w a s u s e d for the o n e - d i m e n s i o n a l 
model ) . By i n s e r t i n g Eq. E .2 in to Eq. E . l , one ob ta ins 

r o d z+Az T r o d 2 ^ d z ' ^ r o d .Az 

4 h c ( T r o d | z . T j jq l^ , T) ^^2 
+ ] ^T:; ~ ^ ( T r o d z " Tj jq z)-

k r o d l ^ r o d ^ ' ^ 

(E.3) 

S t a r t i n g at s o m e loca t i on above the s p u t t e r i n g f ront , w h e r e the i n i t i a l 
condi t ions a r e known, Eq. E . 3 i s u s e d to p r o g r e s s i v e l y c a l c u l a t e the rod t e m ­
p e r a t u r e in t h e d o w n w a r d d i r e c t i o n . S ince Tj iq i s r e q u i r e d a t e a c h s t e p , the 
l i q u i d - e n e r g y equa t ion , Eq. 16, i s so lved s i m u l t a n e o u s l y and i s a p p r o x i m a t e d as 

d ^ I Az. 
Tl iq |z+Az = T j j q | ^ + d ^ T j j q | ^ A z + ^^2 Tj jq l^ ^ 

(E.4) 

To so lve Eq. E . 4 , t he f i r s t d e r i v a t i v e i s c a l c u l a t e d a s 

S-T 
d l l i q p 

• '^c |z(Trod|z " T j iq | z ) 9 c o n 

re l i q re 
(E.5) 

l i q 
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and the second d e r i v a t i v e i s e s t i m a t e d a s 

- I T I A T I 
d^ _ dz liq|z+Az - dz l iq | z 
dz^ '^ l iq ~ Az 

l^c |z(Trod|z+Az - Tjiq[z+Az) - h c | z ( T r o d | z - T i i q | z ) (E.6) 
^ AzT ' 

F o r the a p p r o x i m a t i n g ca l cu l a t ion of Eq. E . 6 . the l iquid t e m p e r a t u r e i s e s t i ­

m a t e d as 

Tliq |z+Az = T j i q | z + ^ T j j q j ^ A z . (E.7) 

The follovidng s u m m a r i z e s the n u m e r i c a l m e t h o d u s e d to ob ta in the o n e -
d i m e n s i o n a l t e m p e r a t u r e p r o f i l e s : 

1. he is found as shown in Ch. V for a g iven se t of T^od ' Tj jq , and T. 

2. Tj-odlz+Az is found by m e a n s of Eq. E . 3 . 

3. T j j L + ^ z is in i t i a l ly e s t i m a t e d by u s e of Eq. E .7 . 

4. d^/dz^Tji_U is found by m e a n s of Eq. E .6 . 

5. d / d z T j j L is found by m e a n s of Eq. E . 5 . 

6. T j j L ^ ^ ^ is found by u s e of Eq. E .4 . 

The in i t i a l condi t ions r e q u i r e d for t h o s e c a l c u l a t i o n s w e r e m e a s u r e d 
f rom the data : in i t i a l rod t e m p e r a t u r e , rod t e m p e r a t u r e g r a d i e n t , and l iquid 
t e m p e r a t u r e . F o r the next i t e r a t i o n , the rod t e m p e r a t u r e g r a d i e n t i s upda ted : 

Trodlz+Az = Tl Tj.Qd|z + 'TZz^^rodlz^^- (^•^) dz ' r o a | z + f l z dz r o a p dz 

After sufficient s t e p s to p a s s t h r o u g h the s p u t t e r i n g front (-4500), the 
rod and l iquid t e m p e r a t u r e p ro f i l e s w e r e o p e r a t e d upon by a t w o - d i m e n s i o n a l 
r e l a x a t i o n p r o g r a m . The t w o - d i m e n s i o n a l a r r a y u s e d for ca l cu l a t i ng the r o d -
t e m p e r a t u r e field w a s 450 by 8. E a c h e l e m e n t r e p r e s e n t e d a one r a d i a n s e c t o r 
of an a x i s y m m e t r i c she l l 0 .005 in. long and a t h i c k n e s s such tha t t he c r o s s -
s ec t i ona l a r e a was ( 1 / 1 6 ) T T of the t o t a l rod c r o s s - s e c t i o n a l a r e a . It w a s found 
that th i s choice of node s t r u c t u r e and the s i m u l t a n e o u s so lu t ion of the e ight 
r a d i a l nodes and w a t e r node enhanced c o n v e r g e n c e . E v e n •with t h i s a p p r o a c h , 
slow c o n v e r g e n c e was a p r o b l e m , so a v e r y good in i t i a l g u e s s was needed . 
The o n e - d i m e n s i o n a l m o d e l r e s u l t s w e r e u s e d as a s t a r t i n g condi t ion for a 
two-node t w o - d i m e n s i o n a l m o d e l which c a l c u l a t e s the c e n t e r l i n e and s u r f a c e 
t e m p e r a t u r e . Th i s two-node m o d e l u s e d a 2 by 4 5 0 - e l e m e n t a r r a y for the r o d 
and a 4 5 0 - e l e m e n t a r r a y for the w a t e r . The a r r a y was r e l a x e d 1000 t i m e s , and 
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t h e s e c a l c u l a t i o n s w e r e t h e n u s e d for t h e 8 -node m o d e l . T h e s t a r t i n g cond i ­
t ion of the t w o - d i m e n s i o n a l e i g h t - n o d e a r r a y h a d c e n t e r l i n e and s u r f a c e t e m ­
p e r a t u r e s a s c a l c u l a t e d by the t w o - n o d e m o d e l , and i n t e r m e d i a t e r a d i a l n o d e s 
w e r e o b t a i n e d by l i n e a r i n t e r p o l a t i o n . 

In add i t ion to a s t e a d y s t a t e , t he t w o - d i m e n s i o n a l m o d e l a s s u m e s : 

1. The r o d h a s c o n s t a n t p r o p e r t i e s . 

2. The r o d h a s c e n t e r l i n e s y m m e t r y ; the h e a t t r a n s f e r at a g iven 
axia l l oca t ion i s c o n s t a n t a r o u n d the e n t i r e p e r i p h e r y . 

In s t e a d y s t a t e , t h e ne t t h e r m a l e n e r g y e n t e r i n g any d i f f e r en t i a l e l e ­
ment is z e r o ; t h e r e f o r e , t h e t w o - d i m e n s i o n a l f i n i t e - e l e m e n t e n e r g y equa t i on 
of the r o d nodes 2 to 7 ( s e e F i g s . 13 and E . l ) i s 

T j - T a T j - Tb T j - T^ 
- k r o d A i ^^r k r o d ^ z -^ ^ r o d ^ i + i ^^.^^ 

T • - T 
- k r o d A z \ " ^ = 0, (E.9) 

where i i s t h e node n u m b e r , and 

Ai --

Ari -. 

-- Vi - lDrodAz/4; 

{VZi - 1 - 721 -
o 

3)Drod 

Az = Z l - ^ r o d l f Z " c r o s s - s e c t i o n a l a r e a ) ; 

Az - a x i a l i n t e r v a l (0 .005 in. for t w o - d i m e n s i o n a l c a l c u l a t i o n s ) ; 

Ai+i = V^Drod^z; /4 ; 

{y/zTTl. - -JZi - l)Drod 
Arj^.! = g , 

a n d T a . T ^ , T ^ , a n d T d a r e t h e a d j a c e n t n o d e t e m p e r a t u r e s t o t h e l e f t , b o t t o m , 

r i g h t , a n d t o p of t h e c e n t r a l n o d e , r e s p e c t i v e l y . T h e n o d e t e m p e r a t u r e i s 

f ound b y s o l v i n g E q . E . 9 f o r T j : 

^ T a + ^ T j , + . ^ T e + ^ ^ T d 
T A ^ i ^ AZ A r , ^ , AZ ^ ^ ^ ^ ^ 

Ar j Az Ar j^ i Az 
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The centerl ine mode t empera tu re , i = 1, is found from Eq. E.IO with A^/Lr^ 
0 and Ai+i/Arj+i = 4Az/(V^(y3 - 1). Likewise, the surface node t e m p e r a t u r e , 
i = 8. is found from Eq. E.IO with Ai^.i/Ari^i = Dj-odAz/^hc/krod ^"^ T -̂ = 
Tjig. Equation E.IO was solved for each node in the 8 x 4 5 0 a r r a y for 
1000 i terat ions . 

AZ 

d̂ 

' 

'd 

. . ' - . 

/ c 

"c 

CENTERLINE NODE 

ENERGY B S L A N C E 

INTERIOR NODE 

ENERGY BALSNCE 
^0 _ 

\ 
T,j 

ĵ^ 
,T 

^ c ^ 
i Z 

Hi 

d 

SURFACE NODE 

ENERGY BALANCE 

Fig. E.l. Two-dimensional Temperature Grid. 
ANL Neg. No. 900-75-907. 
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APPENDIX F 

Stat is t ical Definitions and Methods 

Because of the random nature of exper imenta l e r r o r , s t a t i s t i ca l methods 
were used to infer information from the data in a quanti tat ive manne r . The 
surface t e m p e r a t u r e profiles were subject to e r r o r s in both posi t ion and t e m ­
perature . The s ta t i s t ica l analysis of data is grea t ly simplif ied if one of the 
pa ramete r s , the probe position, were cons idered accu ra t e while the other was 
subject to e r r o r . For example, if the probe were mispos i t ioned by 0.040 in. 
where a t e m p e r a t u r e gradient of 1000°F/in. existed, the e r r o r would be con­
sidered 40°F and not 0.040 in. These methods a r e best explained graphica l ly , 
and this approach will be taken he re with run 8A and run 8B done as examples . 

1. Linear L e a s t - s q u a r e s Regress ion Line 

A straight line, 

Test = To+ t i z , (F . l ) 

was _fitted through the data in a l e a s t - s q u a r e s sense (see Fig. F . l ) . Both TQ 
and Tl a re chosen to min imize the summation of the deviati^ons squared from 
the fitted line to the data in the ve r t i ca l direct ion. Tg and Ti a r e found by se t ­
ting the derivative equal to ze_ro and inser t ing (z, T(z)) from each of the N data 
points and solving for TQ and Ti as follows: 

- ^ X (deviations) = 0 = - | ; - ^ [To + Ti(z) - T ^ e a ( z ) ] ' 
O 1 0 O i o 

= 2 X [ T o + t i ( z ) - T^ea(^)] (^-2) 

and 

4 - y (deviations) = 0 = J r I [TQ + t i ( z ) - Tniea(z)]^ 
3Ti ^To ^ 

= 2 I {[To + t i ( z ) - Txnea(z)](z)}. (F. 3) 

When To and "ti a r e obtained in this manner , Eq. F. 1 is a l inear 
line of r e g r e s s i o n of T on z. 

2. Standard E r r o r of Es t imate 

The s tandard e r r o r of es t imate of T on z is defined as 

/ y ( T m e a " Tes t ) ' /~^Z (F 4) 
:,z = V N V N T - Z ' 
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w h e r e T^gt i s ob ta ined f r o m Eq. F . l for each of the N data points. The second 
f ac to r on the r i g h t - h a n d s ide of Eq. F . 4 i n c r e a s e s the s t a n d a r d e r r o r of e s t i ­
m a t e a s N d e c r e a s e s . The quant i ty s t , z should m o r e p r e c i s e l y be c a l l e d t h e 
s t a n d a r d e r r o r of e s t i m a t e of s m a l l s a m p l e s . Two p a r a l l e l l i n e s , one l ine 
St 2 above the r e g r e s s i o n l ine and the o t h e r ŝ . z below the r e g r e s s i o n l ine , 
bound 68% of the da ta . F o r a 95% conf idence band , t h e s e l i n e s a r e 2s t z above 
and below the r e g r e s s i o n l ine ( see F ig . F . l ) . 
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Fig. F.l. Statistical Methods. ANL Neg. No. 900-75-908 Rev. 1. 

C o e f f i c i e n t of C o r r e l a t i o n 

The s q u a r e root of the explained variat ion squared divided by the 
t o t a l s q u a r e d is known as coeff ic ient of c o r r e l a t i o n : 

(expla ined va r i a t ion)^ / L (Tgs t ~ T) 
( tota l va r i a t ion)^ ~ " -v/ V / - ^Ti [F.5) 
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Explained variat ion is defined as the sum of the squares of the varia­
tions of the calculated and m e a s u r e d average t empe ra tu r e for each of the data 
points -within 68% confidence bounds. The coefficient of cor re la t ion is positive 
if the m e a s u r e d t empe ra tu r e and the es t imated t empe ra tu r e both have the 
same t r ends ; it is negative if one i n c r e a s e s while the other dec reases . For a 
linear r eg re s s ion line, given by Eq. F . l , the coefficient of corre la t ion can be 
obtained by the product momentum method as 

^ ( ^ a c t - ^ ) ( T a c t - T) 

V ^ K - a c t - -f I (Tact " T)^' 

The quantity r va r i e s from -1 to +1 and is a quantitative m e a s u r e of how well 
the line of r e g r e s s i o n co r r e l a t e s the data. Values of r close to one indicate 
that the line of r eg re s s ion closely matches the data. For the example consid­
ered, a l inear t e m p e r a t u r e gradient is indicated and, hence, no significant sur ­
face heat flux in that region. 

A range for Tj w^here a 95% confidence can be obtained is deter­
mined as 

V Z N 
yN - 2 Sz y N - 2 

where tlo.95 is the two-tai led student-t distr ibution for N-2 degrees of freedom 
at 95% significance. For a graphical explanation refer to Fig. F . l . The total 
area under a s tudent- t distr ibution curve is unity; the shaded a rea of Fig. F . l 
is 0.95 or 95%, and the a r ea under each tai l is 2.5%. The number of degrees 
of freedom is the sample size minus the number of pa rame te r s needed to de­
scribe the line of r eg ress ion , namely, N - 2 . As N inc reases the student-t 
distribution approaches the normal distribution curve. Consider the N data 
points to be a smal l sample from a large population of possible data points. 
By examining the N data points and calculating st ,x ^^d s^, we can infer char­
ac ter i s t ics of the large population. The value of t can be obtained from a 
student-t dis tr ibution table for a given value of confidence and degree of f ree­
dom. Equation F.7 is then used to calculate the range of Ti for a given con­
fidence level. Fo r example, runs 8A and 8B, with 95% of the samples of N data 
points taken at random, will have a t empera tu re gradient between 926-936°F/in. 
and 921-931 °F/ in. , respect ively. 

95% confidence band for T of run 8A 

__ T, . 4 k L ' ^ - 931 ± -J4^ ^ , = 931 ± 5.2°F/in. 
' ^ / N ^ l sz y i 6 - 2 59.33 
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95% confidence band for T, of run 8B 

= 9 2 6 ± - P ^ | ^ = 926± 5.3°F/in. 
y? - 2 2 5.9 

These s ta t is t ical calculations were done for all the data of Appendix B and a r e 
tabulated in Table I. 
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APPENDIX G 

Two-dimensional Analysis of a Moving Sputtering Front 

Much of the repor ted rewetting data have been obtained on surfaces 
where t h e r m a l conductivity is fairly low. Typically s tainless steel (k = 
10 B tu /h r - f t - °F [17.3 W/m-°C]) or s imi lar mater ia l s have been used because 
of thei r chemical stabili ty at elevated t empera tu res . It was shown in Ch. V 
that hea t - t ransfer coefficients of the order of 10,000 Btu/hr-ft^ (5.6 W/cm^-°C) 
can be assoc ia ted with the boiling of water and hence with sputtering. The 
sputtering Biot number (hcs/k) for tubes of wall thicknesses of about 0.040 in. 
(1 mm) range from 2 to 5, which indicates two-dimensional effects dominate 
the hea t - t r ans f e r p rocess . To model such a p rocess , the following a s sump­
tions a r e made: 

1. The rewetting velocity is constant. 

2. The: dry zone is adiabatic. 

3. The effective liquid t empera tu re is constant. 

4. Heat t r ans fe r in the wetted zone can be charac ter ized with a con­
stant hea t - t r ans fe r coefficient. 

5. The tube-w^all thickness is small compared to the tube diameter ; 
hence, a rec tangular coordinate sys tem can be used. 

By letting the origin move w îth the sputtering front, this t rans ient heat-
t ransfer problem is t ransformed into a s teady-s ta te problem. With the coor­
dinate sys tem and dimensionless var iables as shown in Fig. G. l , the dimen­
sionless governing differential equation becomes 

T + 

( Q > Z ^ - 0 O , T = T | i q , „ 

T + U * — - T = 0 . 
3C 

1=0 

y = f 

"sput 

- i - y = 0 

® Z = 0O,T=T(j3 

(3) t = -cx) , 7 = 0 

^--0. mi 
- ^ 7 | = 0 

® 5 = 0 0 , T : | 

dimensionless 
velocity 

dimensionless 
temperature 

dimensionless 
surface 

temperature 

dimensionless 
sputtering 

temperoture 

(G . l ) 

^ « . P'^^^SDUt 

k 

, . , T ( Z , y ) - T | i q eff 
r(C,i?) = — 

' 0 0 - T l i q eff 

T o ( ^ ) = T ( C , 0 ) 

T * = T ( 0 , 0 ) 

S^SSt 1^ % ̂ SRC3RB f!^WS_ff., Bî s!*2&v i:.r-c:.:Jonal Analytic System. ANL Neg. No. 900-75-909. 
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T h e so lu t ion is found by c o n s i d e r i n g two r e g i o n s : Q > 0 and Q < 0, and joining 
the so lu t ions at C = 0. Le t the v a r i a b l e s Q+ and Q ' , which a r e funct ions of Q 
only, be defined as 

Q+ = r T dii, c ^ 0 
•^0 

(G.2) 

and 

Q- = f T dT\. £ s 0. (G.3) 

At ^ = 0, the r e g i o n s a r e jo ined u n d e r the c o n s t r a i n t s tha t 

Q - | o ^ Q + l o (^-^^ 

and 

^ Q - | . = ^ Q ^ I . . f^-^) 

The d i m e n s i o n l e s s bounda ry condi t ions for the d ry r eg ion , Q >0, a r e 

B.C. 1 at T] = 0: ^ T = 0; 

B.C. 2 at Tl = 1: — r = 0; 
dT| 

B.C. 3 as C - co: T — 1. 

By in t eg ra t ing the govern ing d i f fe ren t i a l equa t ion with r e s p e c t to J] f r o m 0 to 
1 for C > 0 , 

B e c a u s e Q and T| a r e independent , the o r d e r of d i f f e r en t i a t i on and integrat ion 
can be i n t e r c h a n g e d in the f i r s t and t h i r d t e r m s : 

<i: ^ ( i '^')^ I (^')^'^'''*^< ^ "^"^^ ~~ °- ^̂-̂̂  



E v a l u a t i n g the s e c o n d t e r m and apply ing B .C . 1 and B .C . 2 g i v e 

kh- w^'-h'^'-'- (G.8) 

T h e r e f o r e , 

, ^ i Q + + u * ^ Q + = 0, 

and the so lu t ion of Q+ i s 

Q+ = Ci - C^e-^*^ . 

F r o m B.C. 3, C = 1; t h e r e f o r e . 

Q+ = 1 - C^e-^*^. 

(G.9) 

(G.IO) 

( G . l l ) 

A s i m i l a r a p p r o a c h i s t a k e n for the w e t t e d zone , w h e r e the d i m e n s i o n ­
l e s s b o u n d a r y cond i t ions a r e 

B .C. 4 at Tl = 0: T T T = Biot T ( C , 0 ) 
df] 

or 

^ T = Biot To; 

B.C. 5 a t Tl = 1: —- T = 0; 
dTl 

B.C. 6 a s Q -* -co: j -*0. 

A s s u m e t h e t e m p e r a t u r e f ie ld h a s the f o r m 

T = TO(C) + X ^n(£)'^^ (G.12) 

n=l 

w h e r e TO(C) and a^{C,) a r e funct ions of Q only. By i n s e r t i n g t h i s f o r m of T into 
the g o v e r n i n g d i f f e r en t i a l equa t ion , we obta in 

T72To(C)+ I 
K n = i 

^2an(£)1l" + 2a2(C)+ Y [^(^ - l)^n(C)Tl''-'] + u*-To(C) 

(G. l 3) 

u* X 
^ £ 

an(C)Tl^ = 0. 
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Since Q and Tl a r e independen t v a r i a b l e s , an inf ini te n u m b e r of e q u a t i o n s r e s u l t ; 

^ 2 a n ( C ) + u * ^ a n ( C ) + (n + 2)(n + l)an+z(C) = 0; n = 1, ». (G.14) 

F r o m B.C. 4, and noting tha t 

00 

| ; T = ai(C)+ X ("+ lW+l(C)^l^ (^-^^^ 
' n=i 

we have 

Biot To(C) = ai(£) . (G.16) 

C o n s i d e r the f i r s t four t e r m s of the t e m p e r a t u r e field: 

T = To(£) + ai(C)^ + a2(C)ll' + a3(10)' (G.17) 

= To(C) + Biot To(C)Tl + a2(C)Tl' + a3(C)Tl. (G. 18) 

F r o m Eq. G. 14 with n = 1 and ai(£) = Bio tTc(C)-

^ T . ( C ) - - A x . , C ) . ^ = 0 . (0.19) 

T h e r e f o r e , f r om Eq. G .13 . 

After us ing B.C. 5 and solving for a2(C) and a3(C), Q ' can be found a s 

B io^To(0 Biot To(C) Biot^ To(C) . ^ , , . 
Q - To(C) + ^ 6 + 3 Biot • 2 4 + 12 B i o f ^^"^^^ 

with 

^ ( 2 4 + 1 2 B i o t ) Q - ^ 3 ) 
°̂ '='̂  24 + 20 Biot + 5 Biot^ ^ ' 

In t eg ra t ing the gove rn ing d i f f e ren t i a l Eq. G . l with r e s p e c t to T] f r o m 0 to 1 
in the we t ted reg ion g ives 

^ Q - + u * ^ Q - - Biot To(C) = 0. (G.23) 



The las t t e r m on the left-hand side is der ived as 

^ w o 
y T dllj = | ^ T ( C , 1 ) - | f jT(C,0) = ^BiotTo(C). 

F r o m E q s . G.22 and G . 2 3 , we ob ta in 

9^ „ - , * a ^ - 24 Biot + 12 Biot^ „ . „ , ^ . . v 
W^ • ^ " * a C ^ - 2 4 + 2 0 B i o t + 5 B i o t ^ Q ='• (^"^^^ 

The quan t i ty Q~ is a s e c o n d - o r d e r d i f f e ren t i a l equa t ion whose so lu t ion i s 

Q- = Cie"^i^ + C^e"^^^, (G.2 5) 

w h e r e rrii and m2 a r e t h e p o s i t i v e and nega t ive r o o t s , r e s p e c t i v e l y , of 

- u * ^ / / u * V 24 Biot + 12 Biot^ , ^ _ , , 
"^^'^ = — - V [ - ) + 2 4 + 2 0 B i o t + 5 B i o t ^ - (^- '^^ 

Since Q" is z e r o at £ = -oo, w ê have C2 = 0 and 

Q- = Cie"" !^ . (G.27) 

We m u s t m a t c h Q and Q~ at £ = 0: 

Q + lo = Q-|o- (G-28) 

A c c o r d i n g l y , 

1 r ^-ii*(0) _ p ^mi(o) 

1 - C2 - Ci , 

— Q+lo = ^ Q lo. 

and 

T h e r e f o r e 

24 + 12 Biot u*e"^^^ 

(G. 

(G. 

(G. 

(G. 

29) 

30) 

31) 

32) u*C2 = mLjCi, 

Q- = — ^ i ^ e"^i^. (G.33) 
u * + m i 

To(C) 24 ^ 20 Biot + 5 Biot^ u* + m i ' 
(G.34) 
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and the d i m e n s i o n l e s s s p u t t e r i n g t e m p e r a t u r e is 

^* - ( 2 4 + 12 Biot)u* (G.35) 
° (24 + 20 Biot + 5 Biot^)(u* + m ^ ' 

The t w o - d i m e n s i o n a l h e a t - t r a n s f e r equa t ion h a s been so lved , h o w e v e r , 
in o r d e r to apply the final r e s u l t s , Eq. G.35, to m o v i n g - s p u t t e r i n g - f r o n t da ta . 
T h e r e a r e two c o m p l i c a t i o n s . The f i r s t p r o b l e m is tha t the g o v e r n i n g d i f fe r ­
en t i a l equa t ion y i e ld s TQ* a s a fxinction of u* and Biot n u m b e r . N o r m a l l y , t he 
oppos i t e i s d e s i r e d , n a m e l y , TQ* and Biot n u m b e r a r e known and u* is d e s i r e d . 
Th i s o b s t a c l e can be o v e r c o m e by solving Eq. G.35 for a wide v a r i e t y of (u* -
Biot) c o m b i n a t i o n s and i n t e rpo l a t i ng . The second p r o b l e m is in t h e def in i t ion 
of T*, which f r o m F ig . G. l is 

J ^ T s p u t - Tl iq eff (G. 36) 
° T^ - T l iq eff 

As the falling l iquid f i lm cools the tube , hea t t r a n s f e r b e t w e e n the tube and 
l iquid f i lm wil l i n c r e a s e the l iquid t e m p e r a t u r e . The effect ive l iqu id t e m p e r a ­
t u r e is e s t i m a t e d by a o n e - d i m e n s i o n a l e n e r g y b a l a n c e as 

^ * ^ : ( T s p u t - T l iq in i t i a l ) , . 
T l iq eff = Tl iq in i t i a l + pci i ' ^^-^'l 

T h i s c o m p l i c a t i o n r e q u i r e s an i t e r a t i v e so lu t ion in which Ti^q gff is i n i t i a l l y 
e s t i m a t e d : T^^ in i t ia l - ^nd a va lue of u* is found. Th is u* is t hen u s e d in 
Eq. G. 37 to obta in a b e t t e r e s t i m a t e of T^- g££. Th i s i t e r a t i v e p r o c e s s is t hen 
r e p e a t e d a s m a n y t i m e s as r e q u i r e d for the l a t e s t va lue of u* equa l the p r e ­
v ious u*. 
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